
EFFECTS OF FIBER TYPE ON THE TRIBOLOGICAL 

BEHAVIOR OF POLYAMIDE COMPOSITES 

by 

Brian L. Weick 

Dissertation submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements for the degree of 

DOCTOR OF PHILOSOPHY 

in 

Materials Engineering Science 

APPROVED: 

  

M. J. nef Chairman 

  

N. pha Eiss D. A. Hirschfeld 

Ie Wek A 
CJ J. E. McGrath 
  

  

September 1993 

Blacksburg, Virginia



EFFECTS OF FIBER TYPE ON THE TRIBOLOGICAL 
BEHAVIOR OF POLYAMIDE COMPOSITES 

by Brian L. Weick 

Michael J. Furey, Chairman 

Materials Engineering Science Program 

(ABSTRACT) 

An experimental and analytical study of the tribological behavior of polymer 

composites is presented. Glass, aramid, and carbon fiber-filled polyamide (Nylon 6,6) 

composites serve as models for understanding friction and wear processes encountered 

when polymer composites are used in tribological applications. Experimental results not 

only include measurements of friction and wear, but surface temperatures produced by 

frictional processes during oscillating contact experiments. Since an optically flat, 

transparent sapphire disk is used as the oscillating countersurface, surface temperatures 

can be measured directly at the interface using an infrared microscope. 

Experimental results show that the presence of fibers in the polyamide matrix lowers 

wear, friction, and surface temperature when compared with the unfilled polymer. 

Rationale for this improved tribological behavior is presented and discussed. Fiber-type 

is shown to have a direct influence on the tribological behavior of the polymer composite, 

and the chemical behavior at and near the interface is shown to be significant by 

examining worn and transferred material through surface analytical techniques. In 

particular, evidence is presented for the tribochemical degradation of intramolecular bonds 

in the polyamide macromolecule. 

Measurements of surface temperatures are compared with theoretical predictions 

using models for the real area(s) of contact, and results from “scanning” experiments are 

also presented in which the infrared microscope is used to measure surface temperatures 

at possible real areas of contact within the apparent contact region. Instantaneous 

measurements of surface temperature and friction over a single cycle of motion are also 

presented which allows for the performance of a frequency domain analysis. This 

technique not only shows the frequency content of the friction and surface temperature 

signals, but it also shows correlations between these two parameters. The role of 

intermolecular attractions in frictional processes is addressed, and evidence for relatively 

strong intermolecular attractions between the polyamide surface and sapphire disk is 

discussed.
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1. INTRODUCTION 

1.1 Rationale for this Study 

For any research to be justifiable, a need must exist for the information obtained 

from that research. Since friction, wear, and lubrication processes are involved whenever 

one solid slides, rolls, or vibrates against another solid, a need certainly exists for 

research in this area. Such processes occur in a wide variety of mechanical devices and 

systems that include bearings, cams, piston rings, valves, gears, clutches, brakes, tires, 

belt drives, fasteners, magnetic disks and tapes, and even human joints. Since metals are 

the primary materials used in these applications, a natural question is, "Can composite 

materials solve these problems"? The answer to this question is of course, yes! 

Composite materials are being developed and utilized for many applications that 

encompass those listed above. The next question is what approach should be taken to 

design these composites? Approaches to developing polymer composites often involve 

a trial-and-error process. This technique is frequently ineffective and does not lead to an 

understanding of the composite's true capabilities and behavior. Furthermore, there is 
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an incorrect tendency to refer to materials as having low friction and wear "properties". 

Even though tabulated values of wear and friction "coefficients" are commonly found in 

the literature, tribological phenomena must be considered as application dependent 

material characteristics that vary depending on how the material is utilized. 

In lieu of the problematic trial-and-error methods, this research provides a more 

fundamental understanding of how polymer composites perform in tribological 

applications. Since measurements of instantaneous frictional forces and wear rates can 

be coupled with measurements of frictionally generated surface temperatures obtained 

using an infrared microscope coupled to a digital data acquisition system, results from 

carefully controlled (or modelled) experiments form the fundamental building blocks for 

this research. As a result, a more thorough understanding of the chemical, physical, 

bulk and interfacial behavior of tribological polymer composites is obtained. This can 

facilitate the prediction of polymer composite behavior, and can also be used for the 

design of improved polymer composites for tribological applications. 

A wide variety of polymeric materials have been used as replacements for metallic 

materials in friction and wear applications. These replacement materials include but are 

not limited to polyoxymethylene (acetal), polyamide (Nylon), polytetrafluoroethylene 

(PTFE), polycarbonate, polyimide, and more recently polyphenylene sulfide (PPS) and 

polyetheretherketone (PEEK). Although these polymers are often used without 

modification, various fibers and fillers are sometimes added to form a polymer composite 

with improved tribological behavior over the base polymer. For bearing and gear 

applications such as those studied in the field of tribology, fiber-filled polymers are 
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common along with polymers incorporating dispersed non-fibrous additives that are 

usually in a powder or liquid-like form. The fibrous fillers include carbon fibers, glass 

fibers, aromatic polyamide fibers (Kevlar), and metallic fibers such as_ stainless steel. 

Included in the non-fibrous category are materials such as PTFE, MoS,, graphite 

powders, silicone, and metals such as silver and copper. Although other additives and 

fibers have been incorporated into polymer matrices over the years, the materials 

identified above are the ones most commonly used in friction and wear applications such 

as bearings, gears, and seals. 

Since it is beyond the scope of any research project to perform a fundamental 

experimental study of all the various polymer/fiber/additive combinations, a model 

polymer composite “system" was selected that typifies the thermoplastic category. This 

system consists of a polyamide (Nylon 6,6) base polymer, and a fibrous glass, carbon, 

or Kevlar "filler". As discussed in the literature review, Nylon 6,6 polymers (and Nylon 

6,6-based composites) are widely used in engineering applications, and literature sources 

on the characteristics and properties of Nylon 6,6 are readily available. 

By performing tribological experiments with these model Nylon 6,6 composites, 

it was felt that a rational methodology for wear, friction, and surface temperature 

generation mechanisms could be established for polymer composites as a whole. 

1.2 Related Research at VPI&SU 

The experimental research documented in this dissertation represents an extension 

of research at Virginia Polytechnic Institute and State University (VPI&SU) to measure 
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surface temperatures generated during tribological processes such as fretting. Therefore, 

a short summary of investigations carried out at VPI&SU on this topic (and related topics) 

is presented in this section. This summary is not intended as an "advertisement" for the 

research at VPI&SU, but is presented to familiarize the reader with the core research that 

served as the background for the current study. 

In 1973, research was initiated at VPI&SU to study surface temperatures generated 

during sliding contact. This research centers around the use of a Barnes RM-2A infrared 

microscope that can be used to scan a surface for high temperature rises. It is centered 

over a moving sapphire disk which is in contact with a spherical test specimen. Since the 

infrared microscope is focused at the interface formed between the two materials, and the 

sapphire disk is capable of transmitting infrared energy, a measurement of surface 

temperatures generated during a tribological process is obtained. Also, the infrared 

measurement instrument has microscopic target spot diameters of 18 um or 36 pm 

depending on the objective lens selected. Therefore, temperature rises can be measured 

at discrete contact points within a larger geometric contact region. A summary of the 

infrared microscopic system for measuring surface temperatures is contained in a later 

section of this dissertation. 

The experimental sliding system centered around the infrared microscope was 

designed by Wiggins [1] and fabricated at VPI&SU. Initial experiments were performed 

using various polymers (polytetrafluoroethylene, polyethylene, polymethylmethacrylate, 

and polystyrene) sliding against sapphire [2,3]. Other materials used in this system 

include graphite, pure iron, copper, and silver sliding on sapphire [4-7]. The results of 
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these investigations showed the effects of load, friction, and velocity on surface 

temperature. Furthermore, Rogers [6] showed the effect of macroscopic subdivision of 

contact area on surface temperature for the system of copper sliding on sapphire. In 

addition, Moyer [7] showed the effect of oxide formation for the system of pure iron 

sliding on sapphire. The earlier research performed using the sliding system is 

summarized by Furey and Rogers in reference [8]. A discussion of the capabilities and 

limitations of the experimental sliding system and infrared microscope can also be found 

in reference [9]. 

Before continuing with a discussion of the more recent research at VPI&SU on 

surface temperature phenomena during oscillating/fretting contact, it should be noted that 

pioneering studies on surface temperatures generated by friction have also been carried 

out by Winer et al. [10-13]. In these studies a Barnes Infrared Microscope was similarly 

used to measure surface temperatures in dry sliding contact. The temperatures of fluids 

in elastohydrodynamic films were also measured, and a better understanding of 

temperatures developed in lubricated, high contact systems was obtained. In addition, 

Griffioen et al. [14] have used an infrared scanning camera to measure surface 

temperatures as high as 2700 C for a silicon nitride-on-sapphire system under a 9 N load 

and sliding speed of 1.5 m/s. 

In recent years, the experimental system at VPI&SU was modified to facilitate 

oscillating/fretting contact experiments. Prior to discussing the results of this 

modification, a discussion of the oscillating/fretting contact regime should be provided. 

Oscillating contact -- in particular, fretting and fretting corrosion -- is an important and 
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complex element of tribology which is not well understood. Fretting is defined as wear 

occurring between two surfaces having oscillatory or vibratory motion of small amplitude. 

Fretting corrosion is defined as the type of fretting damage which occurs when the debris 

produced is a chemical reaction product between constituents of the surface and the 

environment [15,16]. Although various mechanisms have been proposed, fretting and 

fretting corrosion are still not well understood. 

Experimental research in the area of fretting corrosion has been carried out by 

various researchers at VPI&SU [17-21]. However, the magnitude and distribution of 

surface temperatures generated by friction during fretting and fretting corrosion processes 

is still largely unknown. Asa result, Ghasemi modified the existing sliding apparatus at 

VPI&SU to accommodate experiments in the oscillating/fretting contact regime [21]. 

Surface temperature measurements could then be made during an experiment with the 

infrared microscope centered over an oscillating sapphire disk and focused at the 

tribological interface. It should be noted that research by Kennedy et al. [22] provides 

some insight into temperatures generated during oscillating contact. However, the 

measured surface temperature values only reflect average values over the 6350 wm X 

6350 um target area provided by the infrared imaging system used. Recall that the 

Barnes infrared microscope incorporated by Ghasemi into the oscillating/fretting system 

can measure surface temperatures in target areas as small as 18 ym in diameter. 

Initial fretting experiments with the new oscillating/fretting system have been 

carried out by Ghasemi and Furey et al. [19-21] using uncoated and polymer-coated steel 

spheres on sapphire. Weick and Furey et al. [23-25] have also used this system to 
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measure surface temperatures generated during oscillating contact between sapphire and 

different ceramics including alumina, zirconia, and tungsten carbide. In research more 

closely related to that presented in this dissertation, Tripathy and Furey et al. [26-28] 

have studied surface temperatures generated during oscillating contact with graphite/epoxy 

and carbon/polyetheretherketone polymer composites. Results from these studies not only 

demonstrate the diverse utility of the oscillating/fretting system, but also provide a great 

deal of information about surface temperatures generated during tribological processes. 

Finally, it is important to point out other research that is related to the 

experimental surface temperature studies performed at VPI&SU. Jayaram [29,30] has 

incorporated an advanced computerized data acquisition system into the surface 

temperature measurement system to facilitate the acquisition, analysis, and display of 

infrared radiance. Detailed radiance maps of a contact region can be made and 

instantaneous surface temperatures can be calculated. Asa part of the initial experimental 

studies of surface temperatures generated during oscillating contact, a theoretical method 

for numerical calculating surface temperatures was developed by Foo, Golan, Vick, and 

Furey [24,31-34]. This numerical method is flexible enough to allow for the calculation 

of surface temperatures with or without the presence of thin films between the materials. 
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1.3 Objectives of this Study 

Fundamental information about the tribological behavior of polymer composites 

is essential for predicting the behavior of these materials during friction and wear 

applications. Furthermore, such fundamental information can potentially be used to 

develop and design improved polymers and polymer composites for tribological 

applications. Therefore, the primary objective of this research is to develop a more 

fundamental understanding of the tribological behavior of polymer composites. 

To meet this primary objective a specific set of objectives have been developed which are 

listed below. 

1. To use well-characterized polymer composites for tribological experiments that are 

representative of typical composites used in friction and wear applications. 

(i.e., a model fiber/matrix system such as the Nylon 6,6-based polymer composites.) 

2. Toperform carefully controlled tribological experiments during which wear, friction, 

and surface temperatures are measured. 

(a) Information about the magnitude of surface temperatures generated under 

tribological conditions is of fundamental importance to the field of tribology. 

For this reason, a more specific objective of this research involves measuring 

surface temperatures generated during oscillating/fretting contact conditions 

between a polymer composite and an optically flat, model countersurface -- 

sapphire. As a related objective, it is also desirable to measure surface 

temperature distributions across the contact region. Inferences can then be made 

about the size, location, and distribution of real contact areas. 
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(b) The magnitude and nature of frictional forces at the interface are also required. 

To meet this objective a method for measuring the instantaneous friction forces 

at the interface was utilized. This method was originally developed as part of 

the earlier research performed by Weick [23]. 

(c) Since a method for measuring wear (and wear rate) during an experiment was 

not available, an objective of this research was to develop a technique to 

monitor the wear of the specimen(s) continuously throughout the duration of the 

experiment. 

(d) As part of the overall experimental set-up, an additional objective was to 

develop a way to measure the velocity of the sapphire disk continuously during 

an experiment. When coupled with friction force measurements, the velocity 

measurements allow for the direct determination of the rate of heat generation. 

3. Tousea digital data acquisition to monitor and acquire the data. This allows for the 

direct conversion of the raw data to real parameters. Through the use of software 

developed by the author, surface temperature, friction force, and wear volume can 

therefore be displayed in their respective units. 

4. In addition to the observations which can be made in the time domain, digital 

processing of the data enables the use of frequency analysis techniques to study the 

tribological data. In particular, it is an objective of this research to develop and use 

a single input - single output frequency domain analysis technique to study 

correlations between friction and surface temperature. 

5. To examine pertinent wear, surface temperature, and friction mechanisms which can 
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be used to explain the improved tribological behavior observed when fibers are added 

to a Nylon 6,6 base polymer. The role of fiber-type is examined along with the role 

of the fiber-matrix interface. (The examination of these tribological mechanisms 

forms the outline for this dissertation.) 

6. To use surface analytical techniques such as scanning electron microscopy and 

Fourier transform infrared microspectroscopy to examine the morphology and 

chemistry of the worn surfaces. 

7. To determine if chemical changes occur at the tribological interface, and in turn 

determine if such changes influence tribological behavior. 

8. To make measurements of surface temperature, friction, and wear over a single cycle 

of motion. This ties in with the frequency analysis and allows for the comparison 

of instantaneous cycle-to-cycle surface temperature data with instantaneous friction 

force and velocity data. 

9. To compare experimental measurements of surface temperatures with theoretical 

predictions obtained using the numerical technique developed by Vick et al. [24,31- 

34]. This allows for inferences to be made about the size, location, and distribution 

of real contact areas at the interface. 
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�r�e�g�a�r�d�e�d� �a�s� �b�e�i�n�g� �r�e�l�e�v�a�n�t� �t�o� �t�h�e� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �i�s� �p�r�e�s�e�n�t�e�d�.� 

�S�e�c�t�i�o�n� �2�.�1� �p�r�o�v�i�d�e�s� �a�n� �o�v�e�r�v�i�e�w� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e� �t�r�i�b�o�l�o�g�y� �w�i�t�h� �a� �s�u�m�m�a�r�y� 

�o�f� �p�r�o�p�o�s�e�d� �w�e�a�r� �m�e�c�h�a�n�i�s�m�s� �r�e�l�a�t�e�d� �m�a�i�n�l�y� �t�o� �n�o�n�a�b�r�a�s�i�v�e� �a�p�p�l�i�c�a�t�i�o�n�s� �o�f� �p�o�l�y�m�e�r� 

�c�o�m�p�o�s�i�t�e�s�.� �R�e�s�e�a�r�c�h� �o�n� �t�h�e� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �c�o�m�p�o�s�i�t�e�s� �w�i�t�h� �a� �u�n�i�d�i�r�e�c�t�i�o�n�a�l� 

�o�r�i�e�n�t�a�t�i�o�n� �o�f� �f�i�b�e�r�s� �i�s� �p�r�e�s�e�n�t�e�d� �a�s� �w�e�l�l� �a�s� �r�e�s�e�a�r�c�h� �o�n� �t�h�e� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� 

�r�a�n�d�o�m� �o�r� �u�n�o�r�i�e�n�t�e�d� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �s�t�u�d�y� �u�t�i�l�i�z�e�s� �c�o�m�p�o�s�i�t�e�s� �t�h�a�t� 

�i�n�c�o�r�p�o�r�a�t�e� �u�n�o�r�i�e�n�t�e�d� �f�i�b�e�r�s�,� �t�h�e� �p�e�r�t�i�n�e�n�t� �s�t�u�d�i�e�s� �o�n� �u�n�i�d�i�r�e�c�t�i�o�n�a�l� �c�o�m�p�o�s�i�t�e�s� �s�e�r�v�e� �a�s� 

�u�s�e�f�u�l� �m�o�d�e�l�s� �f�o�r� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r�.� �I�n� �a�d�d�i�t�i�o�n�,� �S�e�c�t�i�o�n� �2�.�1� �p�r�e�s�e�n�t�s� �a� �d�i�s�c�u�s�s�i�o�n� �o�f� 

�V�o�s�s� �a�n�d� �F�r�i�e�d�r�i�c�h�'�s� �[�3�5�]� �r�u�l�e�-�o�f�-�m�i�x�t�u�r�e�s� �a�p�p�r�o�a�c�h� �t�o� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �p�o�l�y�m�e�r� 

�c�o�m�p�o�s�i�t�e� �w�e�a�r�.� �E�v�e�n� �t�h�o�u�g�h� �a� �s�i�g�n�i�f�i�c�a�n�t� �n�u�m�b�e�r� �o�f� �a�s�s�u�m�p�t�i�o�n�s� �m�u�s�t� �b�e� �m�a�d�e� �w�h�e�n� 

�u�s�i�n�g� �t�h�i�s� �o�v�e�r�s�i�m�p�l�i�f�i�e�d� �m�o�d�e�l�,� �i�t� �d�o�e�s� �p�r�o�v�i�d�e� �s�o�m�e� �i�n�s�i�g�h�t� �i�n�t�o� �w�e�a�r� �m�e�c�h�a�n�i�s�m�s� �i�f� 

�s�t�u�d�i�e�d� �c�l�o�s�e�l�y�.� �S�u�n�g� �a�n�d� �S�u�h�'�s� �[�3�6�]� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �h�i�s� �d�e�l�a�m�i�n�a�t�i�o�n� �t�h�e�o�r�y� �o�f� �w�e�a�r� �t�o� 

�u�n�d�e�r�s�t�a�n�d� �t�h�e� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �i�s� �a�l�s�o� �d�i�s�c�u�s�s�e�d�,� �a�n�d� �a� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �1�1



�s�u�m�m�a�r�y� �o�f� �r�e�s�e�a�r�c�h� �r�e�l�a�t�e�d� �t�o� �t�h�e� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �d�u�r�i�n�g� 

�o�s�c�i�l�l�a�t�o�r�y� �(�o�r� �f�r�e�t�t�i�n�g�)� �m�o�t�i�o�n� �i�s� �p�r�e�s�e�n�t�e�d�.� �L�a�s�t�l�y�,� �r�e�s�e�a�r�c�h� �o�n� �N�y�l�o�n�-�b�a�s�e�d� �c�o�m�p�o�s�i�t�e�s� 

�i�s� �p�r�e�s�e�n�t�e�d� �s�i�n�c�e� �t�h�e� �m�a�t�e�r�i�a�l�s� �s�t�u�d�i�e�d� �i�n� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �a�r�e� �o�f� �t�h�i�s� �t�y�p�e�.� 

�A� �s�u�m�m�a�r�y� �o�f� �s�i�g�n�i�f�i�c�a�n�t� �s�t�u�d�i�e�s� �w�h�i�c�h� �i�n�c�o�r�p�o�r�a�t�e� �a� �d�i�s�c�u�s�s�i�o�n� �o�f� �p�o�s�s�i�b�l�e� 

�s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �e�f�f�e�c�t�s� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �L�a�n�c�a�s�t�e�r�'�s� �[�3�7�]� 

�r�e�s�e�a�r�c�h� �o�n� �t�h�e� �r�o�l�e� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�n� �r�e�d�u�c�i�n�g� �t�h�e� �w�e�a�r� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �c�a�n� �b�e� 

�f�o�u�n�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.�3� �w�h�i�c�h� �c�o�n�s�i�d�e�r�s� �h�e�a�t� �d�i�s�s�i�p�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�s�.� �B�r�i�s�c�o�e� �e�t� �a�l�.�'�s� �[�3�8�]� 

�w�o�r�k� �o�n� �t�r�a�n�s�f�e�r� �f�i�l�m� �f�o�r�m�a�t�i�o�n� �i�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.�3�,� �a�n�d� �T�a�n�a�k�a�'�s� �[�3�9�]� 

�r�e�s�e�a�r�c�h� �r�e�l�a�t�e�d� �t�o� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �w�e�a�r� �i�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.� 

�L�h�y�m�n� �a�n�d� �L�i�g�h�t�'�s� �[�4�0�]� �f�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �a�p�p�r�o�a�c�h� �i�s� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �s�i�n�c�e� �i�t� �p�r�o�p�o�s�e�s� 

�a� �m�e�c�h�a�n�i�s�m� �o�f� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �t�h�a�t� �i�s� �t�h�e�r�m�a�l�l�y� �a�c�t�i�v�a�t�e�d� �b�y� �f�r�i�c�t�i�o�n�a�l�l�y� �g�e�n�e�r�a�t�e�d� 

�s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

�I�n� �t�h�e� �l�a�s�t� �s�e�c�t�i�o�n� �o�f� �t�h�i�s� �l�i�t�e�r�a�t�u�r�e� �r�e�v�i�e�w�,� �a� �s�u�m�m�a�r�y� �o�f� �r�e�s�e�a�r�c�h� �t�h�a�t� �d�i�s�c�u�s�s�e�s� 

�t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �t�r�i�b�o�c�h�e�m�i�s�t�r�y� �i�s� �p�r�e�s�e�n�t�e�d�.� �T�h�i�s� �i�s� �p�r�o�v�i�d�e�d� �i�n� �l�i�g�h�t� �o�f� �t�h�e� �s�u�r�f�a�c�e� 

�a�n�a�l�y�t�i�c�a�l� �w�o�r�k� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �w�h�i�c�h� �s�h�o�w� �t�h�e� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� �t�r�i�b�o�c�h�e�m�i�c�a�l� 

�d�e�g�r�a�d�a�t�i�o�n� �p�r�o�c�e�s�s�e�s�.� 

�2�.�1� �A�n� �O�v�e�r�v�i�e�w� �o�f� �P�o�l�y�m�e�r� �C�o�m�p�o�s�i�t�e� �T�r�i�b�o�l�o�g�y� 

�P�r�i�o�r� �t�o� �t�h�e� �m�i�d� �1�9�6�0�'�s�,� �f�e�w� �r�e�s�e�a�r�c�h�e�r�s� �p�u�r�s�u�e�d� �t�h�e� �s�t�u�d�y� �o�f� �c�o�m�p�o�s�i�t�e� 

�m�a�t�e�r�i�a�l�s� �f�o�r� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �a�p�p�l�i�c�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �w�i�t�h� �t�h�e� �a�d�v�e�n�t� �o�f� �n�e�w� �p�o�l�y�m�e�r�i�c�,� 

�c�e�r�a�m�i�c�,� �a�n�d� �m�e�t�a�l�l�i�c� �m�a�t�e�r�i�a�l�s� �a�s� �w�e�l�l� �a�s� �f�i�b�e�r�s�,� �r�e�s�e�a�r�c�h� �o�n� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �h�a�s� 

�s�u�r�g�e�d� �f�o�r�w�a�r�d�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �p�o�l�y�m�e�r�i�c� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �h�a�v�e� �s�e�e�n� �i�n�c�r�e�a�s�e�d� �u�s�e� �i�n� 
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�t�r�i�b�o�l�o�g�i�c�a�l� �a�p�p�l�i�c�a�t�i�o�n�s�.� �I�n� �f�a�c�t�,� �c�o�l�l�e�c�t�e�d� �w�o�r�k�s� �o�f� �r�e�s�e�a�r�c�h�e�r�s� �s�t�u�d�y�i�n�g� �t�h�e� �t�r�i�b�o�l�o�g�y� 

�o�f� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �h�a�v�e� �b�e�e�n� �p�u�b�l�i�s�h�e�d� �[�4�1�,�4�2�]�,� �a�n�d� �F�r�i�e�d�r�i�c�h� �[�4�3�]� �h�a�s� �p�u�b�l�i�s�h�e�d� �a� 

�s�h�o�r�t� �m�o�n�o�g�r�a�p�h� �o�n� �t�h�e� �s�u�b�j�e�c�t� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e� �t�r�i�b�o�l�o�g�y�.� �R�e�c�e�n�t�l�y�,� �T�r�i�p�a�t�h�y� �[�2�6�]� 

�h�a�s� �c�o�m�p�i�l�e�d� �a� �l�i�s�t� �o�f� �t�h�e�o�r�i�e�s� �u�s�e�d� �t�o� �e�x�p�l�a�i�n� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �i�n� 

�t�r�i�b�o�l�o�g�i�c�a�l� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�i�s� �l�i�s�t� �i�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �2�-�1� �a�n�d� �d�o�e�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �l�i�s�t� �a�l�l� 

�t�h�e� �r�e�s�e�a�r�c�h� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�i�s� �a�r�e�a�.� �I�n�s�t�e�a�d�,� �T�a�b�l�e� �2�-�1� �l�i�s�t�s� �t�h�o�s�e� �t�h�e�o�r�i�e�s� �i�n� �w�h�i�c�h� �a� 

�c�l�e�a�r� �s�t�a�t�e�m�e�n�t� �a�b�o�u�t� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �i�s� �p�r�e�s�e�n�t�e�d�.� �S�o�m�e� �o�f� �t�h�e�s�e� �t�h�e�o�r�i�e�s� �a�d�d�r�e�s�s� 

�t�h�e� �r�o�l�e� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s�,� �y�e�t� �n�o�n�e� �a�c�t�u�a�l�l�y� �s�h�o�w� �m�e�a�s�u�r�e�d� �v�a�l�u�e�s� �f�o�r� �t�h�i�s� 

�T�A�B�L�E� �2�-�1�:� �M�A�J�O�R� �T�H�E�O�R�I�E�S� �I�N� �P�O�L�Y�M�E�R� �C�O�M�P�O�S�I�T�E� �T�R�I�B�O�L�O�G�Y� �[�2�6�]� 
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�T�H�E�O�R�Y� �R�E�S�E�A�R�C�H�E�R�S� 

�F�i�b�e�r�s� �r�e�d�u�c�e� �f�r�i�c�t�i�o�n� �b�y� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �L�a�n�c�a�s�t�e�r� �[�3�7�]� 
�s�u�p�p�o�r�t�i�n�g� �p�a�r�t� �o�f� �t�h�e� �l�o�a�d�.� 

�F�i�l�l�e�r�s� �h�e�l�p� �t�h�e� �p�o�l�y�m�e�r� �t�r�a�n�s�f�e�r� �f�i�l�m� �t�o� �B�r�i�s�c�o�e�,� �P�o�g�o�s�i�a�n�,� �a�n�d� 
�s�t�r�o�n�g�l�y� �a�d�h�e�r�e� �t�o� �t�h�e� �c�o�u�n�t�e�r�s�u�r�f�a�c�e�,� �t�h�u�s� �T�a�b�o�r� �[�4�4�]�,� 
�p�r�e�v�e�n�t�i�n�g� �c�o�n�t�i�n�u�o�u�s� �r�e�m�o�v�a�l� �o�f� �m�a�t�e�r�i�a�l�.� �B�a�h�a�d�u�r� �a�n�d� �T�a�b�o�r� �[�4�5�]� 

�W�e�a�r� �p�r�o�c�e�e�d�s� �b�y� �w�e�a�r� �t�h�i�n�n�i�n�g� �o�f� �f�i�b�e�r� �T�s�u�k�i�z�o�e� �a�n�d� �O�h�m�a�e� �[�4�6�]� 
�r�e�i�n�f�o�r�c�e�m�e�n�t�s� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �b�r�e�a�k�d�o�w�n� �o�f� 
�t�h�e� �f�i�b�e�r�s� �a�n�d� �p�u�l�l�-�o�f�f� �f�r�o�m� �t�h�e� �m�a�t�r�i�x�.� 
� � 

� � 

�F�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�a�c�t�i�o�n� �F�u�s�a�r�o� �a�n�d� �S�l�i�n�e�y� �[�4�7�]�,� 
�M�c�G�e�e� �[�4�8�]� 

�D�e�l�a�m�i�n�a�t�i�o�n� �w�e�a�r� �t�h�e�o�r�y� �S�u�n�g� �a�n�d� �S�u�h� �[�3�6�]�,� 
�C�l�e�r�i�c�o� �a�n�d� �P�a�t�i�e�r�n�o� �[�4�9�]� 

� � 

�F�l�a�s�h� �t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �t�h�e� �f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �|� �T�a�n�a�k�a� �[�3�9�]� 
�r�e�s�u�l�t� �i�n� �r�e�s�i�n� �d�e�c�o�m�p�o�s�i�t�i�o�n�.� �T�h�e� �l�i�q�u�i�d� �a�n�d� 
�g�a�s�e�o�u�s� �p�r�o�d�u�c�t�s� �a�c�t� �a�s� �l�u�b�r�i�c�a�t�i�n�g� �a�g�e�n�t�s�.� 
� � 

�F�a�t�i�g�u�e� �w�e�a�r� �L�h�y�m�n� �[�4�0�,� �5�0�-�5�5�]� 
� � 

�F�i�b�e�r� �b�r�e�a�k�a�g�e� �d�i�s�s�i�p�a�t�e�s� �m�e�c�h�a�n�i�c�a�l� �e�n�e�r�g�y�;� �C�h�a�n�g� �[�5�6�]� 
�h�e�n�c�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �s�t�a�y�s� �l�o�w�e�r� �r�e�s�u�l�t�i�n�g� 
�i�n� �l�e�s�s� �w�e�a�r� � � � � � � � � 
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�i�m�p�o�r�t�a�n�t� �p�a�r�a�m�e�t�e�r�.� 

�I�n� �a� �s�e�r�i�e�s� �o�f� �r�e�s�e�a�r�c�h� �a�r�t�i�c�l�e�s� �o�n� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e� �t�r�i�b�o�l�o�g�y�,� �V�o�s�s� �a�n�d� 

�F�r�i�e�d�r�i�c�h� �[�3�5�,�5�7�,�5�8�]� �h�a�v�e� �d�i�s�c�u�s�s�e�d� �t�h�e� �v�a�l�i�d�i�t�y� �o�f� �a� �s�e�m�i�-�q�u�a�n�t�i�t�a�t�i�v�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� 

�w�e�a�r� �r�a�t�e� �o�f� �a� �c�o�m�p�o�s�i�t�e�.� �T�h�i�s� �e�q�u�a�t�i�o�n� �w�h�i�c�h� �i�s� �a�l�s�o� �d�i�s�c�u�s�s�e�d� �i�n� �r�e�s�e�a�r�c�h� �b�y� �C�i�r�i�n�o� 

�e�t� �a�l�.� �[�5�9�]� �i�s� �s�h�o�w�n� �b�e�l�o�w� �a�n�d� �u�s�e�s� �a� �r�u�l�e�-�o�f�-�m�i�x�t�u�r�e�s� �a�p�p�r�o�a�c�h� �t�h�a�t� �i�s� �s�i�m�i�l�a�r� �t�o� �w�i�d�e�l�y� 

�u�s�e�d� �f�o�r�m�u�l�a�s� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �s�t�i�f�f�n�e�s�s� �p�r�o�p�e�r�t�i�e�s� �o�f� �u�n�i�d�i�r�e�c�t�i�o�n�a�l� �c�o�m�p�o�s�i�t�e�s� �[�6�0�]�.� �I�t� �i�s� 

�a� �s�e�m�i�-�q�u�a�n�t�i�t�a�t�i�v�e� �m�o�d�e�l� �b�e�c�a�u�s�e� �i�t� �r�e�q�u�i�r�e�s� �a�s�s�u�m�p�t�i�o�n�s� �d�e�d�u�c�e�d� �f�r�o�m� �m�i�c�r�o�s�c�o�p�i�c� 

�s�t�u�d�i�e�s� �o�f� �t�h�e� �w�o�r�n� �m�a�t�e�r�i�a�l�s�.� �T�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e� �a�s�c�r�i�b�e�d� �t�o� �d�i�f�f�e�r�e�n�t� �w�e�a�r� 

�m�e�c�h�a�n�i�s�m�s� �a�n�d� �a�l�l�o�w� �f�o�r� �t�h�e� �e�s�t�i�m�a�t�i�o�n� �o�f� �e�x�p�o�n�e�n�t�s� �a�n�d� �m�u�l�t�i�p�l�i�c�a�t�i�o�n� �f�a�c�t�o�r�s� �s�h�o�w�n� 

�i�n� �t�h�e� �e�q�u�a�t�i�o�n�.� 

�W�w�.� �=� �|�(�-�V�,� �W�w� �+� �O�V� �a� �"�+� �b�V�W�.�,� �(�2�.�1�)� 

�w�h�e�r�e�,� 

�W�.� �=� �w�e�a�r� �r�a�t�e� �o�f� �t�h�e� �c�o�m�p�o�s�i�t�e� 

�W�,� �=� �w�e�a�r� �r�a�t�e� �o�f� �t�h�e� �m�a�t�r�i�x� 

�W�,�,� �=� �w�e�a�r� �r�a�t�e� �d�u�e� �t�o� �s�l�i�d�i�n�g� �o�f� �t�h�e� �f�i�b�e�r� �i�n� �t�h�e� �m�a�t�r�i�x� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �r�e�m�o�v�a�l� �f�r�o�m� 
�t�h�e� �c�o�n�t�a�c�t� �r�e�g�i�o�n� 

�W�,�,�,� �=� �a�d�d�i�t�i�o�n�a�l� �w�e�a�r� �m�e�c�h�a�n�i�s�m�s� �f�o�r� �t�h�e� �f�i�b�e�r� �{�u�s�u�a�l�l�y� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �t�h�e� �r�a�t�e� �o�f� 
�f�i�b�e�r� �c�r�a�c�k�i�n�g� �a�n�d� �s�e�p�a�r�a�t�i�o�n� �f�r�o�m� �t�h�e� �m�a�t�r�i�x� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �}� 

�a� �=� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �w�o�r�n� �b�y� �s�l�i�d�i�n�g� 

�b� �=� �p�a�r�t� �o�f� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �w�h�i�c�h� �i�s� �r�e�m�o�v�e�d� �b�y� �f�r�a�c�t�u�r�e� �a�n�d� �i�n�t�e�r�f�a�c�i�a�l� �d�e�b�o�n�d�i�n�g� 

�V�.�-� �=� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �f�i�b�e�r�s� �{�t�o� �a� �f�i�r�s�t� �o�r�d�e�r� �a�p�p�r�o�x�i�m�a�t�i�o�n�,� �V�,�i�s� �a�s�s�u�m�e�d� �t�o� 
�b�e� �e�q�u�a�l� �t�o� �t�h�e� �e�x�p�o�s�e�d� �a�r�e�a� �o�f� �f�i�b�e�r� �d�i�v�i�d�e�d� �b�y� �t�h�e� �n�o�m�i�n�a�l� �c�o�n�t�a�c�t� �a�r�e�a�}� �[�3�5�]� 
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�T�h�e� �f�a�c�t�o�r�s� �a� �a�n�d� �b� �i�n� �E�q�.� �2�.�1� �a�r�e� �o�f�t�e�n� �a�s�s�u�m�e�d� �t�o� �b�e� �0�.�5� �[�5�9�]�.� �H�o�w�e�v�e�r�,� �V�o�s�s� �a�n�d� 

�F�r�i�e�d�r�i�c�h� �[�3�5�]� �s�t�a�t�e� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�s� �f�o�r� �a� �a�n�d� �b� �w�h�e�r�e� �E�q�.� �2�.�2� �m�u�s�t� �b�e� �t�r�u�e�.� 

�a�t�+�b�=�1� �(�2�.�2�)� 

�a� �=� �0�.�5�(�1� �+� �V�;�)� �(�2�.�3�)� 

�b�=� �0�.�5�(�1� �-� �V�S�)� �(�2�.�4�)� 

�w�h�e�r�e�,� 

�c� �=� �r�a�t�e� �o�f� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� �o�n�e� �w�e�a�r� �p�r�o�c�e�s�s� �t�o� �a�n�o�t�h�e�r� 

�P�e�r�h�a�p�s� �t�h�e� �m�o�s�t� �u�s�e�f�u�l� �a�s�p�e�c�t� �o�f� �E�q�.� �2�.�1� �i�s� �t�h�a�t� �i�t� �a�c�c�o�u�n�t�s� �f�o�r� �a� �v�a�r�i�e�t�y� �o�f� �w�e�a�r� 

�p�r�o�c�e�s�s�e�s� �s�u�c�h� �a�s� �m�a�t�r�i�x� �w�e�a�r�,� �f�i�b�e�r� �s�l�i�d�i�n�g� �w�e�a�r�,� �f�i�b�e�r� �c�r�a�c�k�i�n�g�,� �a�n�d� �f�i�b�e�r�/�m�a�t�r�i�x� 

�s�e�p�a�r�a�t�i�o�n� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� �A�f�t�e�r� �m�a�k�i�n�g� �t�h�e� �n�e�c�e�s�s�a�r�y� �a�s�s�u�m�p�t�i�o�n�s� �t�o� �a�p�p�l�y� �t�h�i�s� 

�e�q�u�a�t�i�o�n�,� �V�o�s�s� �a�n�d� �F�r�i�e�d�r�i�c�h� �h�a�v�e� �a�p�p�l�i�e�d� �i�t� �t�o� �g�l�a�s�s� �f�i�b�e�r�-�f�i�l�l�e�d� �p�o�l�y�a�m�i�d�e� �6�,�6� 

�(�P�A�6�,�6�)�a�n�d� �p�o�l�y�e�t�h�e�r�s�u�l�f�o�n�e� �(�P�E�S�)� �m�a�t�e�r�i�a�l�s� �[�3�5�]�.� �T�h�e�y� �f�o�u�n�d� �i�n� �t�h�i�s� �s�t�u�d�y� �t�h�a�t� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �s�h�o�r�t� �g�l�a�s�s� �f�i�b�e�r�s� �a�t� �l�o�w� �f�i�b�e�r� �f�r�a�c�t�i�o�n�s� �l�e�a�d�s� �t�o� �a� �r�e�d�u�c�t�i�o�n� �i�n� �w�e�a�r� �r�a�t�e� �f�o�r� 

�b�o�t�h� �t�h�e� �P�A�6�,�6� �a�n�d� �P�E�S�-�b�a�s�e�d� �m�a�t�e�r�i�a�l�s� �w�h�e�n� �t�h�e�y� �a�r�e� �r�u�b�b�e�d� �a�g�a�i�n�s�t� �a� �s�m�o�o�t�h� �s�t�e�e�l� 

�c�o�u�n�t�e�r�s�u�r�f�a�c�e�.� �A�t� �h�i�g�h�e�r� �f�i�b�e�r� �l�o�a�d�i�n�g�s�,� �o�n�l�y� �a� �s�m�a�l�l� �r�e�d�u�c�t�i�o�n� �i�n� �w�e�a�r� �i�s� �o�b�s�e�r�v�e�d� �[�3�5�]�.� 

�T�h�i�s� �d�e�p�e�n�d�e�n�c�e� �o�f� �w�e�a�r� �r�a�t�e� �o�n� �f�i�b�e�r� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �i�s� �n�o�t� �o�n�l�y� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� 

�m�e�a�s�u�r�e�d�,� �b�u�t� �p�r�e�d�i�c�t�e�d� �u�s�i�n�g� �E�q�.� �2�.�1�.� �H�o�w�e�v�e�r�,� �a�s� �w�i�t�h� �a�n�y� �u�s�e� �o�f� �a� �r�u�l�e�-�o�f�-�m�i�x�t�u�r�e�s� 

�e�q�u�a�t�i�o�n� �t�o� �a�t�t�e�m�p�t� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�y� �p�r�e�d�i�c�t�i�o�n� �-�-� �o�r� �i�n� �t�h�i�s� �c�a�s�e� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �a� 

�c�o�m�p�o�s�i�t�e� �w�e�a�r� �r�a�t�e� �-�-� �E�q�.� �2�.�1� �i�s� �o�n�l�y� �v�a�l�i�d� �w�i�t�h�i�n� �t�h�e� �c�o�n�s�t�r�a�i�n�t�s� �o�f� �a�s�s�u�m�p�t�i�o�n�s� �m�a�d�e� 

�w�h�e�n� �i�t� �i�s� �u�s�e�d�.� �I�t� �f�a�i�l�s� �t�o� �a�c�c�o�u�n�t� �f�o�r� �f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�a�c�t�i�o�n� �a�n�d� �o�t�h�e�r� �e�f�f�e�c�t�s� �s�u�c�h� �a�s� 

�s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �i�n�t�e�r�f�a�c�i�a�l� �c�h�e�m�i�s�t�r�y�.� �F�u�r�t�h�e�r�m�o�r�e�,� �i�t� �d�o�e�s� �n�o�t� �i�n�c�l�u�d�e� �a�n�y� 
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�m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �o�t�h�e�r� �t�h�a�n� �t�h�o�s�e� �i�n�t�e�r�t�w�i�n�e�d� �w�i�t�h� �t�h�e� �w�e�a�r� �r�a�t�e� �f�a�c�t�o�r�s�.� �I�t� �i�s� �r�e�a�l�l�y� �a� 

�c�u�r�v�e�-�f�i�t�t�i�n�g� �e�q�u�a�t�i�o�n� �t�h�a�t� �s�h�o�u�l�d� �b�e� �a�p�p�l�i�e�d� �v�e�r�y� �c�a�u�t�i�o�u�s�l�y� �i�f� �a�p�p�r�o�p�r�i�a�t�e� �d�a�t�a�b�a�s�e�s� �f�o�r� 

 ��w�e�a�r� �r�a�t�e�s �� �a�r�e� �b�o�t�h� �a�v�a�i�l�a�b�l�e� �a�n�d� �v�a�l�i�d� �f�o�r� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �m�a�t�e�r�i�a�l�s� �b�e�i�n�g� �s�t�u�d�i�e�d�.� 

�I�n� �r�e�l�a�t�e�d� �w�o�r�k�,� �V�o�s�s� �a�n�d� �F�r�i�e�d�r�i�c�h� �h�a�v�e� �a�l�s�o� �s�t�u�d�i�e�d� �t�h�e�r�m�o�p�l�a�s�t�i�c� �c�o�m�p�o�s�i�t�e�s� �o�f� 

�p�o�l�y�e�t�h�e�r�e�t�h�e�r�k�e�t�o�n�e� �(�P�E�E�K�)� �[�5�8�]�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �s�u�p�e�r�i�o�r� �t�o� �g�l�a�s�s� 

�f�i�b�e�r�s� �i�n� �i�m�p�r�o�v�i�n�g� �t�h�e� �w�e�a�r� �r�e�s�i�s�t�a�n�c�e� �u�n�d�e�r� �s�l�i�d�i�n�g� �(�n�o�n�a�b�r�a�s�i�v�e�)� �w�e�a�r� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� 

�r�u�l�e�-�o�f�-�m�i�x�t�u�r�e�s� �e�q�u�a�t�i�o�n� �w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �g�l�a�s�s� �f�i�b�e�r� �c�a�s�e� �i�n� �a�n� �a�t�t�e�m�p�t� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� 

�s�l�i�d�i�n�g� �w�e�a�r� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �g�l�a�s�s� �f�i�b�e�r�/�P�E�E�K� �c�o�m�p�o�s�i�t�e�s� �[�5�8�]�.� 

�P�E�E�K�-�b�a�s�e�d� �c�o�m�p�o�s�i�t�e�s� �a�s� �w�e�l�l� �a�s� �e�p�o�x�y�-�b�a�s�e�d� �c�o�m�p�o�s�i�t�e�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �s�t�u�d�i�e�d� 

�b�y� �C�i�r�i�n�o� �e�t� �a�l�.� �[�5�9�,�6�1�]�.� �I�n� �t�h�e�i�r� �r�e�s�e�a�r�c�h� �o�n� �s�l�i�d�i�n�g� �w�e�a�r� �m�e�c�h�a�n�i�s�m�s� �i�n� �w�h�i�c�h� �s�m�o�o�t�h� 

�s�t�e�e�l� �w�a�s� �u�s�e�d� �a�s� �a� �c�o�u�n�t�e�r�s�u�r�f�a�c�e�,� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �b�e�t�w�e�e�n� �t�h�e� 

�t�h�e�r�m�o�p�l�a�s�t�i�c� �P�E�E�K�-�b�a�s�e�d� �m�a�t�e�r�i�a�l�s� �a�n�d� �t�h�e� �t�h�e�r�m�o�s�e�t�t�i�n�g� �e�p�o�x�y�-�b�a�s�e�d� �m�a�t�e�r�i�a�l�s� �w�e�r�e� 

�s�t�u�d�i�e�d�.� �F�o�r� �t�h�e� �P�E�E�K�-�b�a�s�e�d� �m�a�t�e�r�i�a�l�s�,� �c�r�a�c�k�s� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �s�l�i�d�i�n�g� �d�i�r�e�c�t�i�o�n� 

�w�e�r�e� �o�b�s�e�r�v�e�d� �d�u�e� �t�o� �a�d�h�e�s�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �c�o�m�p�o�s�i�t�e� �a�n�d� �t�h�e� �s�t�e�e�l� �c�o�u�n�t�e�r�s�u�r�f�a�c�e�.� �T�h�i�s� 

�a�d�h�e�s�i�o�n� �w�a�s� �f�o�l�l�o�w�e�d� �b�y� �r�u�p�t�u�r�i�n�g� �a�t� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �c�o�m�p�o�s�i�t�e� �t�o� �f�o�r�m� �t�h�e� 

�p�e�r�p�e�n�d�i�c�u�l�a�r� �c�r�a�c�k�s� �[�5�9�]�.� �F�o�r� �t�h�e� �l�e�s�s� �d�u�c�t�i�l�e� �e�p�o�x�y�-�b�a�s�e�d� �m�a�t�e�r�i�a�l�s�,� �s�o�m�e� �f�i�b�e�r�-�m�a�t�r�i�x� 

�d�e�b�o�n�d�i�n�g� �w�a�s� �o�b�s�e�r�v�e�d� �a�l�o�n�g� �w�i�t�h� �f�i�b�e�r�-�t�h�i�n�n�i�n�g� �i�n� �a� �d�i�r�e�c�t�i�o�n� �a�n�t�i�p�a�r�a�l�l�e�l� �t�o� �t�h�e� �s�l�i�d�i�n�g� 

�d�i�r�e�c�t�i�o�n�.� �N�o�t�e� �t�h�a�t� �t�h�i�s� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �c�a�r�b�o�n�/�e�p�o�x�y� �c�a�s�e�,� �a�n�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� 

�r�e�d�u�c�t�i�o�n� �i�n� �w�e�a�r� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �g�l�a�s�s�/�e�p�o�x�y� �o�r� �g�l�a�s�s�/�P�E�E�K� �c�a�s�e�s�.� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e�i�r� �s�t�u�d�i�e�s� �o�f� �c�a�r�b�o�n� �a�n�d� �g�l�a�s�s� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �m�a�t�e�r�i�a�l�s�,� �C�i�r�i�n�o� �e�t� 

�a�l�.� �a�l�s�o� �s�t�u�d�i�e�d� �a�r�a�m�i�d� �f�i�b�e�r�-�f�i�l�l�e�d� �c�o�m�p�o�s�i�t�e�s� �[�5�9�]�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �w�e�a�r� �b�e�h�a�v�i�o�r� �w�a�s� 

�l�a�r�g�e�l�y� �g�o�v�e�r�n�e�d� �b�y� �t�h�e� �d�u�c�t�i�l�e� �a�r�a�m�i�d� �f�i�b�e�r�s� �w�h�i�c�h� �p�l�a�s�t�i�c�a�l�l�y� �d�e�f�o�r�m�e�d� �d�u�r�i�n�g� �t�h�e� 
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�t�r�i�b�o�l�o�g�i�c�a�l� �p�r�o�c�e�s�s�.� �A�r�a�m�i�d� �f�i�b�e�r�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �t�o� �c�o�v�e�r� �t�h�e� �s�u�r�f�a�c�e� �a�n�d� �f�o�r�m� �a�n� 

�e�f�f�e�c�t�i�v�e� �t�r�a�n�s�f�e�r� �f�i�l�m�.� �C�i�r�i�n�o� �e�t� �a�l�.� �a�l�s�o� �o�b�s�e�r�v�e�d� �t�h�e� �"�f�i�b�r�i�l�l�a�t�i�o�n�"� �o�f� �t�h�e� �a�r�a�m�i�d� �f�i�b�e�r�s� 

�i�n�t�o� �i�t�s� �c�o�m�p�o�n�e�n�t� �"�f�i�b�r�i�l�s�"� �w�h�i�c�h� �a�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �r�u�p�t�u�r�e�d� �a�n�d� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� 

�i�n�t�e�r�f�a�c�e� �[�5�9�]�.� �L�a�s�t�l�y�,� �b�y� �u�s�i�n�g� �t�h�e� �V�o�s�s� �a�n�d� �F�r�i�e�d�r�i�c�h� �m�o�d�e�l� �[�3�5�]� �a�n�d� �t�h�e�i�r� �d�e�v�e�l�o�p�e�d� 

�d�a�t�a�b�a�s�e�,� �C�i�r�i�n�o� �e�t� �a�l�.� �d�e�s�i�g�n�e�d� �a�n� �o�p�t�i�m�u�m� �w�e�a�r� �r�e�s�i�s�t�a�n�t� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l� �c�o�n�s�i�s�t�i�n�g� 

�o�f� �a� �P�E�E�K� �m�a�t�r�i�x�,� �p�a�r�a�l�l�e�l� �a�n�d� �a�n�t�i�p�a�r�a�l�l�e�l� �c�a�r�b�o�n� �f�i�b�e�r�s�,� �a�n�d� �a�r�a�m�i�d� �f�i�b�e�r�s� �o�r�i�e�n�t�e�d� �i�n� 

�a� �n�o�r�m�a�l� �(�o�r� �p�e�r�p�e�n�d�i�c�u�l�a�r�)� �d�i�r�e�c�t�i�o�n�.� �N�o�t�e� �t�h�a�t� �t�h�i�s� �o�p�t�i�m�u�m� �t�h�e�o�r�e�t�i�c�a�l� �c�o�m�p�o�s�i�t�e� 

�c�o�n�s�i�s�t�s� �o�f� �c�o�n�t�i�n�u�o�u�s� �(�u�n�i�d�i�r�e�c�t�i�o�n�a�l�)� �f�i�b�e�r�s� �a�n�d� �w�a�s� �n�o�t� �e�v�a�l�u�a�t�e�d� �i�n� �t�h�e� �s�t�u�d�y�.� 

�D�e�l�a�m�i�n�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�s� �o�f� �c�o�m�p�o�s�i�t�e� �w�e�a�r� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �b�y� �S�u�n�g� �a�n�d� �S�u�h� 

�[�3�6�]� �f�o�r� �u�n�i�a�x�i�a�l�l�y� �o�r�i�e�n�t�e�d� �g�r�a�p�h�i�t�e�/�e�p�o�x�y� �a�n�d� �K�e�v�l�a�r�/�e�p�o�x�y� �c�o�m�p�o�s�i�t�e�s� �a�s� �w�e�l�l� �a�s� �a� 

�h�y�b�r�i�d� �c�o�m�p�o�s�i�t�e� �c�o�n�s�i�s�t�i�n�g� �o�f� �b�i�a�x�i�a�l�l�y� �o�r�i�e�n�t�a�t�e�d� �g�l�a�s�s� �f�i�b�e�r�s� �a�n�d� �M�o�S�,� �i�n� �a� �P�T�F�E� 

�m�a�t�r�i�x�.� �F�r�o�m� �t�h�e�i�r� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �i�n� �s�l�i�d�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �a�g�a�i�n�s�t� �5�2�1�0�0� 

�S�t�a�i�n�l�e�s�s� �s�t�e�e�l�,� �S�u�n�g� �a�n�d� �S�u�h� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �f�i�b�e�r�s� 

�p�r�o�v�i�d�e�d� �t�h�e� �h�i�g�h�e�s�t� �w�e�a�r� �r�e�s�i�s�t�a�n�c�e� �a�l�t�h�o�u�g�h� �f�r�i�c�t�i�o�n� �p�r�o�p�e�r�t�i�e�s� �i�n� �t�h�i�s� �o�r�i�e�n�t�a�t�i�o�n� �v�a�r�i�e�d� 

�d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �m�a�t�e�r�i�a�l� �s�t�u�d�i�e�d�.� �T�h�e� �g�r�a�p�h�i�t�e�/�e�p�o�x�y� �m�a�t�e�r�i�a�l� �s�h�o�w�e�d� �r�a�t�h�e�r� �l�o�w� 

�f�r�i�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �a�r�o�u�n�d� �0�.�2� �f�o�r� �t�h�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� �v�e�r�s�u�s� �0�.�8� �f�o�r� 

�t�h�e� �K�e�v�l�a�r�/�e�p�o�x�y� �m�a�t�e�r�i�a�l�.� �I�n� �a�d�d�i�t�i�o�n�,� �S�u�n�g� �a�n�d� �S�u�h� �s�t�a�t�e�d� �t�h�a�t� �t�h�e� �a�d�h�e�s�i�o�n� �t�h�e�o�r�y� �o�f� 

�w�e�a�r� �i�s� �s�o�m�e�w�h�a�t� �i�n�a�d�e�q�u�a�t�e� �f�o�r� �e�x�p�l�a�i�n�i�n�g� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �w�e�a�r� �r�a�t�e� �o�b�s�e�r�v�e�d� �f�o�r� 

�u�n�i�d�i�r�e�c�t�i�o�n�a�l� �f�i�b�e�r�s� �w�i�t�h� �a� �p�a�r�a�l�l�e�l� �o�r�i�e�n�t�a�t�i�o�n� �i�n� �t�h�e� �m�a�t�r�i�x� �v�e�r�s�u�s� �a�n� �a�n�t�i�p�a�r�a�l�l�e�l� 

�o�r�i�e�n�t�a�t�i�o�n� �[�3�6�]�.� �T�h�e�s�e� �o�r�i�e�n�t�a�t�i�o�n�s� �h�a�v�e� �i�d�e�n�t�i�c�a�l� �s�u�r�f�a�c�e� �a�n�d� �b�u�l�k� �p�r�o�p�e�r�t�i�e�s�,� �t�h�e�r�e�f�o�r�e� 

�i�t� �w�a�s� �f�e�l�t� �t�h�a�t� �t�h�e� �d�e�l�a�m�i�n�a�t�i�o�n� �t�h�e�o�r�y� �d�e�v�e�l�o�p�e�d� �f�o�r� �s�l�i�d�i�n�g� �w�e�a�r� �o�f� �m�e�t�a�l�s� �c�o�u�l�d� �l�e�n�d� 

�i�n�s�i�g�h�t� �i�n�t�o� �r�e�l�e�v�a�n�t� �m�e�c�h�a�n�i�s�m�s�.� �T�h�i�s� �t�h�e�o�r�y� �i�s� �s�u�m�m�a�r�i�z�e�d� �b�e�l�o�w� �a�s� �s�t�a�t�e�d� �b�y� �S�u�n�g� �a�n�d� 
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�S�u�h� �[�3�6�]�.� 

�1�.� �W�h�e�n� �t�w�o� �s�l�i�d�i�n�g� �s�u�r�f�a�c�e�s� �c�o�m�e� �i�n�t�o� �c�o�n�t�a�c�t�,� �n�o�r�m�a�l� �a�n�d� �t�a�n�g�e�n�t�i�a�l� �l�o�a�d�s� �a�r�e� 

�t�r�a�n�s�m�i�t�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �c�o�n�t�a�c�t� �p�o�i�n�t�s� �b�y� �a�d�h�e�s�i�v�e� �a�n�d� �p�l�o�w�i�n�g� �a�c�t�i�o�n�s�.� �A�s�p�e�r�i�t�i�e�s� 

�o�f� �t�h�e� �s�o�f�t�e�r� �s�u�r�f�a�c�e� �a�r�e� �e�a�s�i�l�y� �d�e�f�o�r�m�e�d� �a�n�d� �s�o�m�e� �a�r�e� �f�r�a�c�t�u�r�e�d� �b�y� �t�h�e� �r�e�p�e�a�t�e�d� 

�l�o�a�d�i�n�g� �a�c�t�i�o�n�.� �A� �r�e�l�a�t�i�v�e�l�y� �s�m�o�o�t�h� �s�u�r�f�a�c�e� �i�s� �g�e�n�e�r�a�t�e�d�,� �e�i�t�h�e�r� �w�h�e�n� �t�h�e�s�e� �a�s�p�e�r�i�t�i�e�s� 

�a�r�e� �d�e�f�o�r�m�e�d� �o�r� �w�h�e�n� �t�h�e�y� �a�r�e� �r�e�m�o�v�e�d�.� �O�n�c�e� �t�h�e� �s�u�r�f�a�c�e� �b�e�c�o�m�e�s� �s�m�o�o�t�h�,� �t�h�e� 

�c�o�n�t�a�c�t� �i�s� �n�o�t� �j�u�s�t� �a�n� �a�s�p�e�r�i�t�y�-�t�o�-�a�s�p�e�r�i�t�y� �c�o�n�t�a�c�t�,� �b�u�t� �r�a�t�h�e�r� �t�h�e� �s�a�m�e� �l�o�a�d�i�n�g� �h�i�s�t�o�r�y� 

�i�s� �r�e�p�e�a�t�e�d� �a�l�l� �a�l�o�n�g� �t�h�e� �s�o�f�t�e�r� �s�u�r�f�a�c�e� �a�s� �t�h�e� �a�s�p�e�r�i�t�i�e�s� �o�f� �t�h�e� �h�a�r�d�e�r� �s�u�r�f�a�c�e� �p�l�o�w� �t�h�e� 

�s�o�f�t�e�r� �s�u�r�f�a�c�e�.� 

�T�h�e� �s�u�r�f�a�c�e� �t�r�a�c�t�i�o�n� �e�x�e�r�t�e�d� �b�y� �t�h�e� �h�a�r�d�e�r� �a�s�p�e�r�i�t�y� �o�n� �t�h�e� �s�o�f�t�e�r� �s�u�r�f�a�c�e� �i�n�d�u�c�e�s� 

�p�l�a�s�t�i�c� �s�h�e�a�r� �d�e�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �a�c�c�u�m�u�l�a�t�e�s� �w�i�t�h� �r�e�p�e�a�t�e�d� �l�o�a�d�i�n�g�.� 

�A�s� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �d�e�f�o�r�m�a�t�i�o�n� �c�o�n�t�i�n�u�e�s�,� �c�r�a�c�k�s� �a�r�e� �n�u�c�l�e�a�t�e�d� �b�e�l�o�w� �t�h�e� �s�u�r�f�a�c�e�.� 

�C�r�a�c�k� �n�u�c�l�e�a�t�i�o�n� �v�e�r�y� �n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �i�s� �n�o�t� �f�a�v�o�r�e�d� �b�e�c�a�u�s�e� �o�f� �t�h�e� �t�r�i�a�x�i�a�l� �s�t�a�t�e� �o�f� 

�l�a�r�g�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�s�s� �w�h�i�c�h� �e�x�i�s�t�s� �j�u�s�t� �b�e�l�o�w� �t�h�e� �c�o�n�t�a�c�t� �r�e�g�i�o�n�.� 

�O�n�c�e� �t�h�e� �c�r�a�c�k�s� �a�r�e� �p�r�e�s�e�n�t� �(�d�u�e� �t�o� �e�i�t�h�e�r� �t�h�e� �c�r�a�c�k� �n�u�c�l�e�a�t�i�o�n� �p�r�o�c�e�s�s� �o�r� �p�r�e�-�e�x�i�s�t�i�n�g� 

�v�o�i�d�s�)�,� �f�u�r�t�h�e�r� �l�o�a�d�i�n�g� �a�n�d� �d�e�f�o�r�m�a�t�i�o�n� �c�a�u�s�e�s� �c�r�a�c�k�s� �t�o� �e�x�t�e�n�d� �a�n�d� �t�o� �p�r�o�p�a�g�a�t�e�,� 

�j�o�i�n�i�n�g� �n�e�i�g�h�b�o�r�i�n�g� �o�n�e�s�.� �T�h�e� �c�r�a�c�k�s� �r�u�n� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �s�u�r�f�a�c�e� �a�t� �a� �d�e�p�t�h� �w�h�e�r�e� 

�c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �s�a�t�i�s�f�i�e�d�.� 

�.� �W�h�e�n� �t�h�e�s�e� �c�r�a�c�k�s� �f�i�n�a�l�l�y� �s�h�e�a�r� �t�o� �t�h�e� �s�u�r�f�a�c�e� �(�a�t� �c�e�r�t�a�i�n� �w�e�a�k� �p�o�s�i�t�i�o�n�s�)�,� �l�o�n�g� �a�n�d� 

�t�h�i�n� �w�e�a�r� �s�h�e�a�r� �s�h�e�e�t�s� �"�d�e�l�a�m�i�n�a�t�e�"�,� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �w�e�a�r� �s�h�e�e�t� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� 

�t�h�e� �l�o�c�a�t�i�o�n� �o�f� �s�u�b�s�u�r�f�a�c�e� �c�r�a�c�k� �g�r�o�w�t�h�,� �w�h�i�c�h� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�h�e� �n�o�r�m�a�l� �a�n�d� �t�h�e� 

�t�a�n�g�e�n�t�i�a�l� �l�o�a�d�s� �a�t� �t�h�e� �s�u�r�f�a�c�e�.� 

�T�h�e� �d�e�l�a�m�i�n�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �f�o�r� �c�o�m�p�o�s�i�t�e�s� �i�s� �r�e�g�a�r�d�e�d� �b�y� �S�u�n�g� �a�n�d� �S�u�h� �[�3�6�]� �t�o� 

�b�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �d�e�l�a�m�i�n�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �f�o�r� �m�e�t�a�l�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� 

�t�h�a�t� �c�r�a�c�k� �n�u�c�l�e�a�t�i�o�n� �i�s� �t�h�o�u�g�h�t� �t�o� �o�c�c�u�r� �p�r�e�d�o�m�i�n�a�n�t�l�y� �a�t� �t�h�e� �f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �i�n� �t�h�e� 

�f�o�r�m� �o�f� �d�e�b�o�n�d�i�n�g�.� �T�h�e�y� �n�o�t�e� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �r�e�g�i�o�n� �b�e�h�i�n�d� �a�n� �a�s�p�e�r�i�t�y� �c�o�n�t�a�c�t� �w�h�e�r�e� �t�h�e� 

�h�y�d�r�o�s�t�a�t�i�c� �s�t�r�e�s�s� �i�s� �t�e�n�s�i�l�e� �[�3�6�]�.� �T�h�i�s� �t�e�n�s�i�l�e� �s�t�r�e�s�s� �h�a�s� �a� �c�o�m�p�o�n�e�n�t� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� 
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�F�I�B�E�R�S� 

�(�a�)� �F�I�B�E�R� �O�R�I�E�N�T�A�T�I�O�N� �N�O�R�M�A�L� �T�O� 
�S�L�I�D�I�N�G� �D�I�R�E�C�T�I�O�N� 

�S�L�I�D�I�N�G� 
�D�I�R�E�C�T�I�O�N� 

�S�e�:� �|� �D�E�B�O�N�D�I�N�G� 
�(�A�R�E�A�S� 

�(�b�)� �F�I�B�E�R� �O�R�I�E�N�T�A�T�I�O�N� �T�R�A�N�S�V�E�R�S�E� 
�T�O� �S�L�I�D�I�N�G� �D�I�R�E�C�T�I�O�N� 

�S�L�I�D�I�N�G� �D�I�R�E�C�T�I�O�N� 

� � 
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� � 
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� � 

�N�e�n�e� 
�e�e�r� �>� 

�(�a�=� �C�h� �M�L�A� �A� �N�h�a�t� �h�h� �h�e�r�e� �~� 

 � � �� 
�F�I�B�E�R�S� �D�E�B�O�N�D�I�N�G� �A�R�E�A�S� 

�(�c�)� �F�I�B�E�R� �O�R�I�E�N�T�A�T�I�O�N� �P�A�R�A�L�L�E�L� 
�T�O� �S�L�I�D�I�N�G� �D�I�R�E�C�T�I�O�N� 

�F�I�G�U�R�E� �2�-�1�:� �S�C�H�E�M�A�T�I�C� �R�E�P�R�E�S�E�N�T�A�T�I�O�N� �O�F� 
�F�A�I�L�U�R�E� �M�O�D�E�S� �I�N� �C�O�N�T�I�N�U�O�U�S� �F�I�B�E�R� 
�R�E�I�N�F�O�R�C�E�D� �P�O�L�Y�M�E�R� �C�O�M�P�O�S�I�T�E�S� �[�3�6�]� 

�s�u�r�f�a�c�e� �w�h�i�c�h� �i�s� �a� �m�a�x�i�m�u�m� �a�n�d� 

�d�e�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �d�i�s�t�a�n�c�e� �f�r�o�m� 

�t�h�e� �s�u�r�f�a�c�e�.� �T�h�e� �c�o�m�p�o�n�e�n�t� 

�p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �s�u�r�f�a�c�e� �i�s� �z�e�r�o� �a�t� 

�t�h�e� �s�u�r�f�a�c�e� �a�n�d� �i�s� �a� �m�a�x�i�m�u�m� �a�t� �a� �f�i�n�i�t�e� 

�d�i�s�t�a�n�c�e� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �[�3�6�]�.� 

�F�r�o�m� �t�h�i�s� �k�n�o�w�l�e�d�g�e�,� �S�u�n�g� �a�n�d� 

�S�u�h� �s�c�h�e�m�a�t�i�c�a�l�l�y� �d�e�s�c�r�i�b�e� �f�a�i�l�u�r�e� �m�o�d�e�s� 

�i�n� �u�n�i�a�x�i�a�l� �c�o�n�t�i�n�u�o�u�s� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� 

�c�o�m�p�o�s�i�t�e�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�.� �F�i�b�e�r� 

�d�e�b�o�n�d�i�n�g� �o�c�c�u�r�s� �a�l�o�n�g� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� 

�f�i�b�e�r�-�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �i�n� �a� �m�a�n�n�e�r� �t�h�a�t� 

�d�e�p�e�n�d�s� �o�n� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �f�i�b�e�r�.� 

�N�o�t�e� �t�h�a�t� �t�h�e� �d�e�b�o�n�d�i�n�g� �m�e�c�h�a�n�i�s�m�s� 

�s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� 

�t�h�e� �b�r�i�t�t�l�e� �e�p�o�x�y� �m�a�t�r�i�c�e�s� �s�t�u�d�i�e�d�.� �F�o�r� 

�t�h�e� �T�e�f�l�o�n�-�b�a�s�e�d� �c�o�m�p�o�s�i�t�e�s� �s�t�u�d�i�e�d� �b�y� 

�S�u�n�g� �a�n�d� �S�u�h� �t�h�e�y� �n�o�t�e� �t�h�a�t� �t�h�e� �m�a�t�r�i�x� 

�c�a�n� �u�n�d�e�r�g�o� �l�a�r�g�e� �_� �s�c�a�l�e� �p�l�a�s�t�i�c� 

�d�e�f�o�r�m�a�t�i�o�n� �w�i�t�h�o�u�t� �f�r�a�c�t�u�r�e�.� �T�h�e�r�e�f�o�r�e� �d�e�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �m�a�t�r�i�x� �m�a�y� �c�a�u�s�e� �t�h�e� �f�i�b�e�r�s� 

�n�e�a�r� �t�h�e� �s�u�r�f�a�c�e� �t�o� �o�r�i�e�n�t� �a�l�o�n�g� �t�h�e� �s�l�i�d�i�n�g� �d�i�r�e�c�t�i�o�n� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�b�.� �A�s�a� �r�e�s�u�l�t�,� 

�t�h�e� �r�a�t�e� �o�f� �c�r�a�c�k� �n�u�c�l�e�a�t�i�o�n� �i�s� �r�e�d�u�c�e�d� �a�n�d� �t�h�e� �w�e�a�r� �r�e�s�i�s�t�a�n�c�e� �i�s� �i�n�c�r�e�a�s�e�d� �[�3�6�]�.� 
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�I�n� �k�e�e�p�i�n�g� �w�i�t�h� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �a�n�d� �w�e�a�r� �r�a�t�e� �d�i�s�c�u�s�s�e�d� 

�a�b�o�v�e�,� �F�l�e�m�i�n�g� �a�n�d� �S�u�h� �[�6�2�]� �h�a�v�e� �d�e�v�e�l�o�p�e�d� �a�n� �e�m�p�i�r�i�c�a�l� �r�e�l�a�t�i�o�n�s�h�i�p� �f�o�r� �c�r�a�c�k� �g�r�o�w�t�h� 

�d�u�e� �t�o� �f�a�t�i�g�u�e� �p�r�o�c�e�s�s�e�s�.� �T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �i�s� �s�h�o�w�n� �i�n� �E�q�.� �2�.�5� �a�n�d� �h�a�s� �b�e�e�n� �u�s�e�d� �b�y� 

�C�l�e�r�i�c�o� �a�n�d� �P�a�t�i�e�r�n�o� �[�4�9�]� �t�o� �s�h�o�w�n� �t�h�a�t� �t�h�e�r�e� �i�s� �i�n�d�e�e�d� �a� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �f�a�t�i�g�u�e� �a�n�d� 

�w�e�a�r� �f�o�r� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s�.� �N�o�t�e� �t�h�a�t� �o�n�e� �o�f� �t�h�e� �c�o�m�p�o�s�i�t�e�s� �s�t�u�d�i�e�d� 

�b�y� �C�l�e�r�i�c�o� �a�n�d� �P�a�t�i�e�r�n�o� �i�s� �a� �N�y�l�o�n� �6�,�6� �m�a�t�e�r�i�a�l� �f�i�l�l�e�d� �w�i�t�h� �r�a�n�d�o�m�l�y� �d�i�s�p�e�r�s�e�d� �g�l�a�s�s� 

�f�i�b�e�r�s� �(�2�5� �w�t�.�%�)�.� �T�h�e�y� �s�h�o�w�e�d� �t�h�r�o�u�g�h� �t�h�e� �u�s�e� �o�f� �E�q�.� �2�.�5�,� �t�h�a�t� �t�h�e� �w�e�a�r� �m�e�c�h�a�n�i�s�m� 

�f�o�r� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �c�o�u�l�d� �b�e� �s�i�m�i�l�a�r� �t�o� �S�u�h�'�s� �d�e�l�a�m�i�n�a�t�i�o�n� �w�e�a�r� 

�m�e�c�h�a�n�i�s�m� �[�4�9�]�.� 

�«� �=� �B�(�A�x�y�"� �(�2�.�5�)� 
�w�h�e�r�e�,� 

�d�C�/�d�N� �=� �_� �t�h�e� �c�r�a�c�k� �g�r�o�w�t�h� �p�e�r� �c�y�c�l�e� 

�A�K� �=� �_�_� �t�h�e� �c�h�a�n�g�e� �i�n� �t�h�e� �s�t�r�e�s�s� �i�n�t�e�n�s�i�t�y� �f�a�c�t�o�r� 

�B�,�n� �=� �_� �m�a�t�e�r�i�a�l� �c�o�n�s�t�a�n�t�s� 

�I�n� �r�e�l�a�t�e�d� �w�o�r�k� �t�h�a�t� �d�o�e�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �u�s�e� �t�h�e� �t�e�r�m� �"�d�e�l�a�m�i�n�a�t�i�o�n� �w�e�a�r�"� �c�o�i�n�e�d� 

�b�y� �S�u�h�,� �L�h�y�m�n� �[�4�0�,�5�0�-�5�5�]� �h�a�s� �u�s�e�d� �f�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �c�o�n�c�e�p�t�s� �t�o� �e�x�p�l�a�i�n� �t�h�e� 

�p�r�o�p�a�g�a�t�i�o�n� �o�f� �m�i�c�r�o�c�r�a�c�k�s� �u�n�d�e�r� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �n�o�r�m�a�l� �a�n�d� �f�r�i�c�t�i�o�n�a�l� �l�o�a�d�s�.� �A� 

�s�u�m�m�a�r�y� �o�f� �t�h�i�s� �f�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �a�p�p�r�o�a�c�h� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �S�e�c�t�i�o�n� �2�.�2�.� �I�n� �a�d�d�i�t�i�o�n�,� 

�L�h�y�m�n� �[�5�5�]� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �l�u�b�r�i�c�a�n�t�s� �s�u�c�h� �a�s� �w�a�t�e�r� �a�n�d� �o�i�l� �o�n� �t�h�e� �w�e�a�r� �r�a�t�e� 

�o�f� �p�o�l�y�e�t�h�e�r�e�t�h�e�r�k�e�t�o�n�e�-�c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �r�u�b�b�e�d� �a�g�a�i�n�s�t� �e�m�e�r�y� �p�a�p�e�r�.� �W�i�t�h� �t�h�e�s�e� 

�"�l�u�b�r�i�c�a�n�t�s�"�,� �w�e�a�r� �r�a�t�e� �a�c�t�u�a�l�l�y� �i�n�c�r�e�a�s�e�d� �c�o�m�p�a�r�e�d� �t�o� �s�t�u�d�i�e�s� �p�e�r�f�o�r�m�e�d� �i�n� �a�i�r�.� �L�h�y�m�n� 

�a�c�c�o�u�n�t�s� �f�o�r� �t�h�e� �w�e�a�r� �p�r�o�c�e�s�s� �b�y� �n�o�t�i�n�g� �t�h�e� �a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �m�i�c�r�o�c�r�a�c�k�s� �w�h�i�c�h� �s�e�r�v�e� �a�s� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �2�0



�a� �f�o�u�n�d�a�t�i�o�n� �f�o�r� �f�a�t�i�g�u�e� �w�e�a�r� �[�5�5�]�.� 

�T�h�e� �m�a�j�o�r�i�t�y� �o�f� �r�e�s�e�a�r�c�h� �e�f�f�o�r�t�s� �i�n� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e� �t�r�i�b�o�l�o�g�y� �h�a�v�e� �b�e�e�n� �c�a�r�r�i�e�d� 

�o�u�t� �u�s�i�n�g� �s�l�i�d�i�n�g� �c�o�n�f�i�g�u�r�a�t�i�o�n�s�,� �a�n�d� �l�i�t�t�l�e� �a�t�t�e�n�t�i�o�n� �h�a�s� �b�e�e�n� �g�i�v�e�n� �t�o� �s�t�u�d�y�i�n�g� �t�h�e�s�e� 

�m�a�t�e�r�i�a�l�s� �d�u�r�i�n�g� �o�s�c�i�l�l�a�t�i�n�g� �(�o�r� �f�r�e�t�t�i�n�g�)� �c�o�n�t�a�c�t�.� �J�a�c�o�b�s� �e�t� �a�l�.� �[�6�3�]� �r�e�c�e�n�t�l�y� �p�u�b�l�i�s�h�e�d� �a� 

�p�a�p�e�r� �o�n� �t�h�e� �f�r�e�t�t�i�n�g� �w�e�a�r� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �g�l�a�s�s�,� �c�a�r�b�o�n�,� �a�n�d� �a�r�a�m�i�d� �f�i�b�e�r� �e�p�o�x�y� �a�n�d� 

�P�E�E�K� �c�o�m�p�o�s�i�t�e�s�.� �T�h�e�s�e� �c�o�n�t�i�n�u�o�u�s� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �w�e�r�e� �p�l�a�c�e�d� 

�i�n� �o�s�c�i�l�l�a�t�i�n�g� �c�o�n�t�a�c�t� �w�i�t�h� �a�l�u�m�i�n�u�m� �c�o�u�n�t�e�r�s�u�r�f�a�c�e�s�.� �T�h�e�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �a�r�a�m�i�d� �f�i�b�e�r�s� 

�h�a�d� �l�i�t�t�l�e� �e�f�f�e�c�t� �o�n� �t�h�e� �w�e�a�r� �r�e�s�i�s�t�a�n�c�e� �o�f� �t�h�e� �p�o�l�y�m�e�r�s� �w�h�i�l�e� �c�a�r�b�o�n� �a�n�d� �g�l�a�s�s� �f�i�b�e�r�s� 

�c�a�u�s�e�d� �t�h�e� �w�e�a�r� �r�a�t�e� �t�o� �i�n�c�r�e�a�s�e�.� �J�a�c�o�b�s� �e�t� �a�l�.� �[�6�3�]� �a�l�s�o� �f�o�u�n�d� �t�h�a�t� �e�p�o�x�y� �c�o�m�p�o�s�i�t�e�s� 

�w�e�r�e� �o�n�l�y� �s�l�i�g�h�t�l�y� �s�u�p�e�r�i�o�r� �t�o� �P�E�E�K� �c�o�m�p�o�s�i�t�e�s� �u�n�d�e�r� �f�r�e�t�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� 

�A�b�a�r�o�u� �a�n�d� �P�l�a�y� �[�6�4�]� �h�a�v�e� �a�l�s�o� �s�t�u�d�i�e�d� �t�h�e� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�m�e�r� 

�c�o�m�p�o�s�i�t�e�s� �d�u�r�i�n�g� �d�r�y� �o�s�c�i�l�l�a�t�i�n�g� �c�o�n�t�a�c�t� �a�p�p�l�i�c�a�t�i�o�n�s�.� �T�h�e�y� �c�o�i�n�e�d� �a� �u�s�e�f�u�l� �t�e�r�m� �c�a�l�l�e�d� 

�t�h�e� �m�u�t�u�a�l� �o�v�e�r�l�a�p� �c�o�e�f�f�i�c�i�e�n�t� �(�o�r� �M�O�C�)� �w�h�i�c�h� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �a�r�e�a� �o�f� 

�c�o�n�t�a�c�t� �o�f� �t�h�e� �p�i�n� �t�o� �t�h�e� �a�r�e�a� �o�f� �t�h�e� �w�e�a�r� �t�r�a�c�k� �o�n� �t�h�e� �c�o�u�n�t�e�r�s�u�r�f�a�c�e�.� �F�o�r� �s�m�a�l�l� �v�a�l�u�e�s� 

�o�f� �t�h�e� �M�O�C� �(�<� �0�.�5�)� �w�h�e�r�e� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �t�h�e� �p�i�n� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �c�o�n�t�a�c�t� �l�e�n�g�t�h� 

�o�f� �t�h�e� �p�i�n�,� �t�h�e�y� �f�o�u�n�d� �t�h�a�t� �w�e�a�r� �d�e�b�r�i�s� �w�a�s� �p�u�s�h�e�d� �t�o� �t�h�e� �e�x�t�r�e�m�e� �e�n�d�s� �o�f� �t�h�e� �w�e�a�r� �t�r�a�c�k�.� 

�T�h�e�y� �f�o�u�n�d� �t�h�a�t� �p�h�y�s�i�c�o�c�h�e�m�i�c�a�l� �a�r�g�u�m�e�n�t�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �e�x�p�l�a�i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 

�t�r�a�n�s�f�e�r� �f�i�l�m�s� �o�n� �t�h�e� �c�o�u�n�t�e�r�s�u�r�f�a�c�e� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �a� �d�e�c�r�e�a�s�e� �i�n� �w�e�a�r� �f�o�r� �t�h�e� �P�T�F�E� 

�c�o�m�p�o�s�i�t�e�s� �s�t�u�d�i�e�d�.� �F�o�r� �l�a�r�g�e� �v�a�l�u�e�s� �o�f� �t�h�e� �M�O�C� �(�>� �0�.�5�)� �w�h�e�r�e� �t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �i�s� �l�e�s�s� 

�t�h�a�n� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �p�i�n�,� �A�b�a�r�o�u� �a�n�d� �P�l�a�y� �f�o�u�n�d� �t�h�a�t� �t�h�e� �w�e�a�r� �d�e�b�r�i�s� �d�o�e�s� �n�o�t� �g�e�t� 

�p�u�s�h�e�d� �t�o� �t�h�e� �e�d�g�e� �o�f� �t�h�e� �c�o�n�t�a�c�t� �r�e�g�i�o�n�.� �I�n�s�t�e�a�d�,� �w�e�a�r� �d�e�b�r�i�s� �i�s� �i�m�p�r�i�s�o�n�e�d� �i�n� �a� �c�e�n�t�r�a�l� 

�r�e�g�i�o�n� �w�h�e�r�e� �c�o�n�t�a�c�t� �i�s� �a�l�w�a�y�s� �o�c�c�u�r�r�i�n�g�.� �A�s� �a� �r�e�s�u�l�t�,� �w�e�a�r� �d�e�b�r�i�s� �c�a�n� �b�e�c�o�m�e� 
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�e�n�t�r�a�p�p�e�d� �a�n�d� �l�e�a�d� �t�o� �a� �s�i�g�n�i�f�i�c�a�n�t� �i�n�c�r�e�a�s�e� �i�n� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r�.� �T�h�i�s� �i�s� �t�h�e� �c�a�s�e� �f�o�r� �t�h�e� 

�p�o�l�y�a�m�i�d�e� �6�,�6�/� �g�l�a�s�s� �f�i�b�e�r� �m�a�t�e�r�i�a�l�s� �s�t�u�d�i�e�d� �w�h�e�r�e� �t�h�e� �g�l�a�s�s� �f�i�b�e�r�s� �b�e�c�a�m�e� �d�e�t�a�c�h�e�d� �f�r�o�m� 

�t�h�e� �m�a�t�r�i�x� �a�n�d� �e�n�t�r�a�p�p�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �t�o� �a�c�t� �a�s� �t�h�i�r�d� �b�o�d�y� �a�b�r�a�s�i�v�e� �m�a�t�e�r�i�a�l�s� �[�6�4�]�.� 

�D�r�y� �s�l�i�d�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �b�y� �B�o�h�n�e�r� �a�n�d� �G�a�r�d�o�s� �[�6�5�]� �f�o�r� 

�P�T�F�E� �h�y�b�r�i�d� �c�o�m�p�o�s�i�t�e�s� �c�o�n�s�i�s�t�i�n�g� �o�f� �g�l�a�s�s� �f�i�b�e�r�s�,� �M�o�S�,� �a�n�d�/�o�r� �o�t�h�e�r� �p�o�l�y�m�e�r�s� �s�u�c�h� �a�s� 

�p�o�l�y�i�m�i�d�e� �o�r� �p�o�l�y�a�c�e�t�a�l�.� �T�h�e�y� �u�s�e�d� �a� �s�m�a�l�l� �M�O�C� �o�f� �0�.�4�4� �a�n�d� �n�o�t�e�d� �t�h�a�t� �t�h�e� �q�u�a�n�t�i�t�y� �o�f� 

�t�h�e� �f�i�l�l�e�r� �a�n�d� �t�h�e� �v�i�s�c�o�e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �p�o�l�y�m�e�r�(�s�)� �s�i�g�n�i�f�i�c�a�n�t�l�y� �e�f�f�e�c�t�s� �w�e�a�r� 

�r�e�s�i�s�t�a�n�c�e�.� �B�o�h�n�e�r� �a�n�d� �G�a�r�d�o�s� �[�6�5�]� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �w�e�a�r� �a�p�p�e�a�r�s� �t�o� �b�e� �n�o�n�l�i�n�e�a�r� �w�i�t�h� 

�l�o�a�d�,� �v�e�l�o�c�i�t�y�,� �a�n�d� �d�u�r�a�t�i�o�n� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t� �d�u�e� �t�o� �t�h�e� �d�e�p�e�n�d�e�n�c�y� �o�f� �w�e�a�r� �o�n� �f�i�l�l�e�r� 

�q�u�a�n�t�i�t�y� �a�n�d� �v�i�s�c�o�e�l�a�s�t�i�c�i�t�y�.� 

�Z�a�l�i�s�z� �e�t� �a�l�.� �[�6�6�]� �h�a�v�e� �p�e�r�f�o�r�m�e�d� �r�e�c�i�p�r�o�c�a�t�i�n�g� �s�l�i�d�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �u�s�i�n�g� �N�y�l�o�n� �6�,�6� 

�a�n�d� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l�.� �T�h�e�y� �d�e�v�e�l�o�p�e�d� �a� �"�r�u�n�n�i�n�g�-�i�n�"� �m�o�d�e�l� �t�h�a�t� �s�h�o�w�s� �h�o�w� �t�h�e� �i�n�i�t�i�a�l� 

�t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �b�u�i�l�d�-�u�p� �a�n�d� �s�p�r�e�a�d�i�n�g� �o�f� �t�r�a�n�s�f�e�r� �f�i�l�m�s� �o�v�e�r� �t�h�e� 

�s�l�i�d�i�n�g� �t�r�a�c�k� �[�6�6�]�.� �Z�a�l�i�s�e�z� �e�t� �a�l�.� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �t�h�e� �p�r�o�c�e�s�s� �o�f� �r�u�n�n�i�n�g�-�i�n� �i�s� �l�a�r�g�e�l�y� 

�d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �i�n�i�t�i�a�l� �c�o�u�n�t�e�r�f�a�c�e� �r�o�u�g�h�n�e�s�s� �-�-� �n�a�m�e�l�y� �t�h�e� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �s�u�r�f�a�c�e� 

�r�o�u�g�h�n�e�s�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�y� �s�t�a�t�e�d� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �d�e�t�e�r�m�i�n�i�n�g� 

�r�u�n�n�i�n�g�-�i�n� �b�e�h�a�v�i�o�r�,� �a�l�t�h�o�u�g�h� �t�h�e�y� �w�e�r�e� �n�o�t� �a�b�l�e� �t�o� �d�i�r�e�c�t�l�y� �m�e�a�s�u�r�e� �t�e�m�p�e�r�a�t�u�r�e� �e�f�f�e�c�t�s�.� 

�O�t�h�e�r� �r�e�s�e�a�r�c�h�e�r�s� �i�n�c�l�u�d�i�n�g� �V�r�o�e�g�o�p� �a�n�d� �B�o�s�m�a� �[�6�7�]� �h�a�v�e� �s�t�u�d�i�e�d� �t�h�e� �t�r�i�b�o�l�o�g�i�c�a�l� 

�b�e�h�a�v�i�o�r� �o�f� �N�y�l�o�n� �m�a�t�e�r�i�a�l�s�.� �I�n� �p�a�r�t�i�c�u�l�a�r� �t�h�e�y� �s�t�u�d�i�e�d� �t�h�e� �s�u�b�s�u�r�f�a�c�e� �r�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� 

�o�f� �N�y�l�o�n� �d�u�e� �t�o� �s�u�b�s�u�r�f�a�c�e� �m�e�l�t�i�n�g�.� �T�h�e�y� �p�o�s�t�u�l�a�t�e�d� �t�h�a�t� �t�h�e� �h�e�a�t� �n�e�e�d�e�d� �f�o�r� �m�e�l�t�i�n�g� �w�a�s� 

�p�r�o�v�i�d�e�d� �b�y� �t�h�e� �d�a�m�p�i�n�g� �o�f� �r�e�s�o�n�a�t�i�n�g� �s�h�e�a�r� �w�a�v�e�s� �i�n�s�i�d�e� �t�h�e� �p�o�l�y�m�e�r� �w�h�i�c�h� �a�r�e� �e�x�c�i�t�e�d� 

�b�y� �t�h�e� �f�r�i�c�t�i�o�n�a�l� �p�r�o�c�e�s�s� �[�6�7�]�.� �A�l�t�h�o�u�g�h� �a� �v�i�s�c�o�e�l�a�s�t�i�c� �m�o�d�e�l� �w�a�s� �p�r�e�s�e�n�t�e�d�,� �t�h�e� �e�x�a�c�t� 
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�e�x�c�i�t�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �f�o�r� �t�h�e�s�e� �s�h�e�a�r� �w�a�v�e�s� �c�o�u�l�d� �n�o�t� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �F�u�r�t�h�e�r�m�o�r�e�,� �n�o� 

�d�i�r�e�c�t� �i�n�f�l�u�e�n�c�e� �o�f� �v�i�b�r�a�t�i�o�n�s� �o�r� �s�u�b�s�u�r�f�a�c�e� �m�e�l�t�i�n�g� �o�n� �w�e�a�r� �w�a�s� �o�b�s�e�r�v�e�d� �a�l�t�h�o�u�g�h� �i�t� �w�a�s� 

�s�t�a�t�e�d� �t�h�a�t� �t�h�e� �o�c�c�u�r�r�e�n�c�e� �o�f� �r�e�s�o�n�a�n�c�e� �c�o�u�l�d� �e�a�s�i�l�y� �l�e�a�d� �t�o� �d�e�s�t�r�u�c�t�i�o�n� �o�f� �t�h�i�n� �l�a�y�e�r�s� �a�t� 

�t�h�e� �s�u�r�f�a�c�e� �[�6�7�]�.� �I�n� �r�e�l�a�t�e�d� �w�o�r�k� �o�n� �t�h�e� �t�r�i�b�o�l�o�g�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �N�y�l�o�n� �6�,�6� �r�u�b�b�i�n�g� 

�a�g�a�i�n�s�t� �s�t�e�e�l�,� �V�r�o�e�g�o�p� �e�t� �a�l�.� �[�6�8�]� �n�o�t�e�d� �t�h�a�t� �a� �r�i�s�e� �i�n� �w�e�a�r� �r�a�t�e� �a�t� �b�u�l�k� �t�e�m�p�e�r�a�t�u�r�e�s� �a�b�o�v�e� 

�3�8�0� �K� �c�a�n� �n�o�t� �b�e� �d�u�e� �t�o� �s�u�r�f�a�c�e� �m�e�l�t�i�n�g� �o�f� �t�h�e� �N�y�l�o�n� �s�i�n�c�e� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l�l�y� �c�a�l�c�u�l�a�t�e�d� 

�f�l�a�s�h� �t�e�m�p�e�r�a�t�u�r�e�s� �(�3�0� �t�o� �8�0� �K� �a�b�o�v�e� �a�m�b�i�e�n�t�)� �a�r�e� �f�a�r� �t�o�o� �l�o�w� �t�o� �r�e�a�c�h� �t�h�e� �m�e�l�t�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e�.� �A�s� �a� �r�e�s�u�l�t�,� �V�r�o�e�g�o�p� �e�t� �a�l�.� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �w�e�a�r� �r�a�t�e� 

�p�r�o�b�a�b�l�y� �s�t�e�m�s� �f�r�o�m� �o�x�i�d�a�t�i�v�e� �d�e�g�e�n�e�r�a�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �[�6�8�]�.� 

�T�h�e� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �p�r�o�p�e�r�t�i�e�s� �o�f� �N�y�l�o�n� �6� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �b�y� �W�a�t�a�n�a�b�e� �a�n�d� 

�Y�a�m�a�g�u�c�h�i� �[�6�9�]� �w�i�t�h� �p�a�r�t�i�c�u�l�a�r� �e�m�p�h�a�s�i�s� �o�n� �t�h�e� �e�f�f�e�c�t� �o�f� �s�l�i�d�i�n�g� �v�e�l�o�c�i�t�y�.� �T�h�e�y� �a�l�s�o� 

�e�x�a�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �b�u�l�k� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �f�r�i�c�t�i�o�n� �a�n�d� �a�t�t�e�m�p�t�e�d� �t�o� �f�i�t� �t�h�e� �f�r�i�c�t�i�o�n�,� 

�t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �v�e�l�o�c�i�t�y� �d�a�t�a� �t�o� �a� �m�a�s�t�e�r� �c�u�r�v�e�.� �W�i�t�h� �s�u�c�h� �a� �c�u�r�v�e� �t�h�e�y� �h�o�p�e�d� �t�o� �e�x�t�e�n�d� 

�t�h�e�i�r� �p�r�e�d�i�c�t�i�o�n� �o�f� �f�r�i�c�t�i�o�n�a�l� �b�e�h�a�v�i�o�r� �t�o� �v�e�l�o�c�i�t�i�e�s� �t�h�a�t� �a�r�e� �b�e�y�o�n�d� �t�h�e� �l�i�m�i�t�s� �o�f� �t�h�e�i�r� �t�e�s�t� 

�e�q�u�i�p�m�e�n�t�.� �S�u�c�h� �t�e�c�h�n�i�q�u�e�s� �i�n�c�o�r�p�o�r�a�t�e� �t�h�e� �u�s�e� �o�f� �t�h�e� �W�i�l�l�i�a�m�s�,� �L�a�n�d�e�l�,� �F�e�r�r�y� �(�W�L�F�)� 

�t�r�a�n�s�f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �i�s� �t�y�p�i�c�a�l�l�y� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �t�h�e� �v�i�s�c�o�e�l�a�s�t�i�c� �p�r�o�p�e�r�t�i�e�s� �o�f� �a�m�o�r�p�h�o�u�s� 

�p�o�l�y�m�e�r�s� �a�l�t�h�o�u�g�h� �s�o�m�e� �s�u�c�c�e�s�s� �h�a�s� �b�e�e�n� �m�a�d�e� �i�n� �a�p�p�l�y�i�n�g� �i�t� �t�o� �u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� 

�f�r�i�c�t�i�o�n�a�l� �b�e�h�a�v�i�o�r� �o�f� �r�u�b�b�e�r�s� �a�n�d� �e�l�a�s�t�o�m�e�r�s� �[�6�9�]�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �W�L�F� 

�t�r�a�n�s�f�o�r�m�a�t�i�o�n� �c�o�u�l�d� �n�o�t� �b�e� �a�p�p�l�i�e�d� �t�o� �t�h�e�i�r� �s�l�i�d�i�n�g� �d�a�t�a� �f�o�r� �N�y�l�o�n� �6�-�o�n�-�s�t�e�e�l� �s�i�n�c�e� 

�d�i�f�f�e�r�e�n�t� �f�r�i�c�t�i�o�n�a�l� �m�e�c�h�a�n�i�s�m�s� �o�c�c�u�r� �a�t� �d�i�f�f�e�r�e�n�t� �v�e�l�o�c�i�t�i�e�s�.� �A�t� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �s�l�i�d�i�n�g� 

�v�e�l�o�c�i�t�y� �o�f� �0�.�1� �m�m�/�s� �W�a�t�a�n�a�b�e� �a�n�d� �Y�a�m�a�g�u�c�h�i� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �f�r�i�c�t�i�o�n� �i�s� �d�u�e� �t�o� 

�s�h�e�a�r�i�n�g� �o�f� �t�h�e� �"�m�o�l�e�c�u�l�a�r�l�y� �o�r�i�e�n�t�e�d� �s�u�r�f�a�c�e� �l�a�y�e�r� �o�f� �t�h�e� �N�y�l�o�n�"�.� �I�n� �c�o�m�p�a�r�i�s�o�n�,� �a�t� �a� 
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�r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �s�l�i�d�i�n�g� �v�e�l�o�c�i�t�y� �o�f� �1�0� �m�m�/�s� �t�h�e� �f�r�i�c�t�i�o�n�a�l� �m�e�c�h�a�n�i�s�m� �w�a�s� �m�a�i�n�l�y� �d�u�e� �t�o� 

�"�i�n�t�e�r�f�a�c�i�a�l� �s�l�i�d�i�n�g�"� �b�e�t�w�e�e�n� �t�h�e� �N�y�l�o�n� �a�n�d� �t�h�e� �s�t�e�e�l� �w�i�t�h�o�u�t� �s�h�e�a�r� �o�f� �e�i�t�h�e�r� �m�a�t�e�r�i�a�l� �[�6�9�]�.� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �v�e�l�o�c�i�t�y� �a�n�d� �l�o�a�d� �o�n� �w�e�a�r� �r�a�t�e� �w�e�r�e� �a�s�c�r�i�b�e�d� �t�o� �t�h�e� �r�o�l�e� �o�f� �f�r�i�c�t�i�o�n�a�l�l�y� 

�g�e�n�e�r�a�t�e�d� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s�,� �a�n�d� �a� �m�i�n�i�m�u�m� �i�n� �w�e�a�r� �c�o�r�r�e�s�p�o�n�d�e�d� �w�i�t�h� �t�h�e� 

�t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �w�h�e�r�e� �f�r�i�c�t�i�o�n� �w�a�s� �h�y�p�o�t�h�e�s�i�z�e�d� �t�o� �b�e� �o�c�c�u�r�r�i�n�g� �a�t� �t�h�e� �N�y�l�o�n�-�s�t�e�e�l� 

�i�n�t�e�r�f�a�c�e� �[�6�9�]�.� 

�O�f� �p�e�r�t�i�n�e�n�c�e� �t�o� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �i�s� �t�h�e� �r�e�s�e�a�r�c�h� �b�y� �B�y�e�t�t� �a�n�d� �A�l�l�e�n� �[�7�0�]� �o�n� 

�p�o�l�y�a�m�i�d�e� �a�n�d� �p�o�l�y�c�a�r�b�o�n�a�t�e� �g�l�a�s�s� �f�i�b�e�r�-�f�i�l�l�e�d� �c�o�m�p�o�s�i�t�e�s�.� �T�h�e�y� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� 

�s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �a�n�d� �m�o�r�e� �d�u�c�t�i�l�e� �p�o�l�y�a�m�i�d�e� �d�e�f�o�r�m�e�d� �m�o�r�e� �e�a�s�i�l�y� �u�n�d�e�r� �l�o�a�d� �a�n�d� 

�a�b�s�o�r�b�e�d� �t�h�e� �t�r�a�n�s�m�i�t�t�e�d� �f�r�i�c�t�i�o�n�a�l� �f�o�r�c�e�s� �t�h�r�o�u�g�h� �e�l�o�n�g�a�t�i�o�n� �a�n�d� �t�e�a�r�i�n�g� �r�a�t�h�e�r� �t�h�a�n� �b�y� 

�c�r�a�c�k�i�n�g� �a�n�d� �b�r�e�a�k�a�g�e� �[�7�0�]�.� �F�u�r�t�h�e�r�m�o�r�e�,� �f�r�o�m� �e�l�e�c�t�r�o�n� �m�i�c�r�o�g�r�a�p�h�s� �t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �w�a�s� 

�m�a�d�e� �t�h�a�t� �t�h�e� �p�o�l�y�m�e�r� �m�a�t�r�i�x� �a�p�p�e�a�r�s� �t�o� �b�e� �r�e�m�o�v�e�d� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �l�e�a�v�i�n�g� �t�h�e� �g�l�a�s�s� �f�i�b�e�r�s� 

�"�p�r�o�u�d� �o�n� �t�h�e� �i�n�t�e�r�a�c�t�i�n�g� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e�"� �[�7�0�]�.� �A�t� �h�i�g�h�e�r� �f�i�b�e�r� �l�o�a�d�i�n�g�,� �f�i�b�e�r� 

�d�e�b�o�n�d�i�n�g� �a�n�d� �p�u�l�l� �o�u�t� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �p�o�l�y�c�a�r�b�o�n�a�t�e�-�b�a�s�e�d� �m�a�t�e�r�i�a�l�s�.� �F�o�r� �t�h�e� 

�p�o�l�y�a�m�i�d�e�-�b�a�s�e�d� �m�a�t�e�r�i�a�l� �t�h�i�s� �f�i�b�e�r� �r�e�m�o�v�a�l� �p�r�o�c�e�s�s� �w�a�s� �n�o�t� �o�b�s�e�r�v�e�d�.� �T�h�i�s� �w�a�s� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �a� �h�i�g�h�e�r� �f�i�b�e�r�-�t�o�-�m�a�t�r�i�x� �b�o�n�d� �s�t�r�e�n�g�t�h� �w�h�i�c�h� �p�r�e�v�e�n�t�e�d� �f�i�b�e�r� �r�e�m�o�v�a�l� �a�n�d� 

�l�e�a�d�s� �t�o� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g� �i�n�c�r�e�a�s�e� �i�n� �w�e�a�r� �r�e�s�i�s�t�a�n�c�e� �f�o�r� �t�h�e� �p�o�l�y�a�m�i�d�e�/�g�l�a�s�s� �f�i�b�e�r� 

�c�o�m�p�o�s�i�t�e�.� �B�y�e�t�t� �a�n�d� �A�l�l�e�n� �a�l�s�o� �n�o�t�e�d� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �d�e�c�r�e�a�s�e� �i�n� �w�e�a�r� �r�a�t�e� �a�s� �f�i�b�e�r� 

�c�o�n�t�e�n�t� �i�s� �i�n�c�r�e�a�s�e�d� �f�o�r� �b�o�t�h� �t�h�e� �p�o�l�y�c�a�r�b�o�n�a�t�e� �a�n�d� �p�o�l�y�a�m�i�d�e� �m�a�t�e�r�i�a�l�s� �[�7�0�]�.� �N�o�t�e� �t�h�a�t� 

�a� �d�e�c�r�e�a�s�e� �i�n� �f�r�i�c�t�i�o�n� �d�i�d� �n�o�t� �o�c�c�u�r� �a�s� �t�h�e� �g�l�a�s�s� �f�i�b�e�r� �c�o�n�t�e�n�t� �w�a�s� �i�n�c�r�e�a�s�e�d�.� �I�n� �f�a�c�t�,� 

�B�y�e�t�t� �a�n�d� �A�l�l�e�n� �s�h�o�w�e�d� �t�h�a�t� �t�h�e�r�e� �i�s� �i�n� �f�a�c�t� �a� �s�l�i�g�h�t� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �f�r�i�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� 

�t�h�e� �p�o�l�y�a�m�i�d�e�/�g�l�a�s�s� �c�o�m�p�o�s�i�t�e� �a�s� �f�i�b�e�r� �c�o�n�t�e�n�t� �i�s� �i�n�c�r�e�a�s�e�d� �[�7�0�]�.� 
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�2�.�2� �R�e�s�e�a�r�c�h� �R�e�l�a�t�e�d� �t�o� �t�h�e� �E�f�f�e�c�t�s� �o�f� �S�u�r�f�a�c�e� 
�T�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �T�r�i�b�o�l�o�g�y� �o�f� �P�o�l�y�m�e�r�s� �a�n�d� 
�P�o�l�y�m�e�r� �C�o�m�p�o�s�i�t�e�s� 

�W�h�e�n� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �r�u�b�b�e�d� �a�g�a�i�n�s�t� �c�o�u�n�t�e�r�s�u�r�f�a�c�e� �m�a�t�e�r�i�a�l�s� �s�u�c�h� �a�s� �s�t�e�e�l�,� 

�g�l�a�s�s�,� �a�n�d� �o�t�h�e�r� �p�o�l�y�m�e�r�s� �a�n�d� �c�o�m�p�o�s�i�t�e�s�,� �f�r�i�c�t�i�o�n�a�l� �f�o�r�c�e�s� �a�r�e� �g�e�n�e�r�a�t�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� 

�T�h�e�s�e� �f�r�i�c�t�i�o�n�a�l� �f�o�r�c�e�s� �a�l�o�n�g� �w�i�t�h� �t�h�e� �r�e�l�a�t�i�v�e� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �t�w�o� �c�o�m�p�o�n�e�n�t�s� �l�e�a�d� �t�o� �t�h�e� 

�d�i�s�s�i�p�a�t�i�o�n� �o�f� �e�n�e�r�g�y� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� �T�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �"�d�e�s�i�g�n�e�d�"� �p�o�l�y�m�e�r� 

�c�o�m�p�o�s�i�t�e� �a�n�d� �c�o�u�n�t�e�r�s�u�r�f�a�c�e� �d�e�t�e�r�m�i�n�e� �h�o�w� �t�h�i�s� �e�n�e�r�g�y� �i�s� �d�i�s�s�i�p�a�t�e�d�.� �A�s� �d�i�s�c�u�s�s�e�d� �b�y� 

�B�r�i�s�c�o�e� �[�3�8�]�,� �T�a�b�o�r� �[�7�1�]�,� �a�n�d� �K�r�a�g�e�l�s�k�i�i� �[�7�2�]�,� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�i�o�n� �a�t� �t�h�e� 

�i�n�t�e�r�f�a�c�e� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �i�n�c�l�u�d�e� �a� �d�e�f�o�r�m�a�t�i�o�n� �o�r� �m�e�c�h�a�n�i�c�a�l� �c�o�m�p�o�n�e�n�t�,� �a�n�d� �a�n� 

�a�d�h�e�s�i�v�e� �c�o�m�p�o�n�e�n�t� �t�h�a�t� �i�n�v�o�l�v�e�s� �t�h�e� �s�u�r�m�o�u�n�t�i�n�g� �o�f� �m�o�l�e�c�u�l�a�r� �i�n�t�e�r�a�c�t�i�o�n�s� �a�t� �d�i�s�c�r�e�t�e� 

�c�o�n�t�a�c�t� �s�p�o�t�s�.� �T�h�e� �d�e�f�o�r�m�a�t�i�o�n� �c�o�m�p�o�n�e�n�t� �i�n�v�o�l�v�e�s� �d�i�s�t�o�r�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�e�s� �d�u�e� �t�o� �t�h�e� 

�m�e�c�h�a�n�i�c�a�l� �i�n�t�e�r�l�o�c�k�i�n�g� �o�f� �a�s�p�e�r�i�t�i�e�s�.� �E�n�e�r�g�y� �i�s� �t�h�e�r�e�f�o�r�e� �d�i�s�s�i�p�a�t�e�d� �r�e�v�e�r�s�i�b�l�y� �o�r� 

�i�r�r�e�v�e�r�s�i�b�l�y� �t�h�r�o�u�g�h� �e�l�a�s�t�i�c� �h�y�s�t�e�r�e�s�i�s� �o�r� �p�l�a�s�t�i�c� �p�r�o�c�e�s�s�e�s�.� �V�i�s�c�o�e�l�a�s�t�i�c� �d�e�f�o�r�m�a�t�i�o�n� 

�p�r�o�c�e�s�s�e�s� �m�a�y� �a�l�s�o� �b�e� �p�r�e�s�e�n�t� �t�h�a�t� �c�a�u�s�e� �s�u�b�s�u�r�f�a�c�e� �h�e�a�t�i�n�g� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �[�7�2�]�.� �O�t�h�e�r� 

�m�e�c�h�a�n�i�s�m�s� �o�f� �f�r�i�c�t�i�o�n�a�l� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�i�o�n� �i�n�c�l�u�d�e� �c�h�e�m�i�c�a�l� �e�f�f�e�c�t�s� �d�u�e� �t�o� �t�h�e� �a�c�t�i�v�a�t�i�o�n� 

�o�f� �t�h�e� �s�u�r�f�a�c�e�s� �a�n�d� �t�h�e� �a�c�t�i�o�n� �o�f� �l�u�b�r�i�c�a�n�t�s� �p�r�e�s�e�n�t� �a�t� �t�h�e� �s�u�r�f�a�c�e�.� 

�O�f� �p�a�r�t�i�c�u�l�a�r� �i�n�t�e�r�e�s�t� �t�o� �t�h�i�s� �s�t�u�d�y� �i�s� �t�h�e� �a�d�h�e�s�i�v�e� �c�o�m�p�o�n�e�n�t� �(�o�r� �m�o�d�e�l�)� �o�f� �f�r�i�c�t�i�o�n� 

�w�h�i�c�h� �i�n�v�o�l�v�e�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �m�o�l�e�c�u�l�a�r� �b�o�n�d�s� �a�t� �r�e�a�l� �a�r�e�a�s� �o�f� �c�o�n�t�a�c�t� �f�o�l�l�o�w�e�d� �b�y� 

�s�h�e�a�r�i�n�g� �o�f� �t�h�e� �w�e�a�k�e�r� �m�a�t�e�r�i�a�l� �d�u�r�i�n�g� �t�h�e� �r�u�b�b�i�n�g� �p�r�o�c�e�s�s�.� �T�h�i�s� �a�d�h�e�s�i�v�e� �c�o�m�p�o�n�e�n�t� �o�f� 

�f�r�i�c�t�i�o�n� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s� �f�o�l�l�o�w�s�:� 

�F�=�A� �1� �(�2�.�6�)� 
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�w�h�e�r�e�,� 

�F� �=� �t�h�e� �a�d�h�e�s�i�v�e� �c�o�m�p�o�n�e�n�t� �o�f� �f�r�i�c�t�i�o�n� 

�A�,� �=� �t�h�e� �r�e�a�l� �a�r�e�a� �o�f� �c�o�n�t�a�c�t� �a�t� �w�h�i�c�h� �a�d�h�e�s�i�v�e� �b�o�n�d�s� �f�o�r�m� 

�a�
 

�l�I� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �w�e�a�k�e�r� �m�a�t�e�r�i�a�l� 

�W�h�e�n� �f�r�i�c�t�i�o�n�a�l� �e�f�f�e�c�t�s� �o�c�c�u�r� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �f�o�r�m�e�d� �b�e�t�w�e�e�n� �t�w�o� �r�u�b�b�i�n�g� �s�u�r�f�a�c�e�s� 

�h�e�a�t� �i�s� �i�n�e�v�i�t�a�b�l�y� �r�e�l�e�a�s�e�d�,� �a�n�d� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �(�o�r� �s�u�r�f�a�c�e�)� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

�h�i�g�h�e�r� �t�h�a�n� �t�h�e� �b�u�l�k� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �e�i�t�h�e�r� �m�a�t�e�r�i�a�l�.� �I�n� �a�d�d�i�t�i�o�n�,� �i�f� �t�h�e� �r�e�a�l� �a�r�e�a� �o�f� 

�c�o�n�t�a�c�t� �i�s� �o�n� �t�h�e� �m�i�c�r�o�s�c�o�p�i�c� �s�c�a�l�e�,� �t�h�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �t�h�o�u�g�h�t� �t�o� �b�e� �e�x�t�r�e�m�e�l�y� 

�h�i�g�h� �s�i�n�c�e� �e�n�e�r�g�y� �c�a�n�n�o�t� �e�a�s�i�l�y� �d�i�s�s�i�p�a�t�e� �i�n�t�o� �t�h�e� �b�u�l�k� �m�a�t�e�r�i�a�l�s�.� �T�h�e�s�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� 

�o�f�t�e�n� �c�a�l�l�e�d� �"�f�l�a�s�h�"� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �p�r�o�p�o�s�e�d� �b�y� �B�l�o�k� �[�7�3�]�.� �T�h�e�y� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �m�e�a�s�u�r�e� 

�a�n�d� �c�a�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�f�f�e�c�t� �t�h�e� �w�e�a�r� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s�.� �D�u�e� �t�o� �t�h�i�s� �d�i�f�f�i�c�u�l�t�y�,� �m�a�n�y� 

�r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �a�t�t�e�m�p�t�e�d� �t�o� �d�e�v�e�l�o�p� �t�h�e�o�r�e�t�i�c�a�l� �t�o�o�l�s� �f�o�r� �p�r�e�d�i�c�t�i�n�g� �s�u�r�f�a�c�e� 

�t�e�m�p�e�r�a�t�u�r�e�s�.� �C�l�a�s�s�i�c� �a�n�a�l�y�t�i�c�a�l� �w�o�r�k�s� �b�y� �B�l�o�k� �[�7�3�]�,� �J�a�e�g�e�r� �[�7�4�]�,� �a�n�d� �A�r�c�h�a�r�d� �[�7�5�]� �h�a�v�e� 

�l�e�d� �t�o� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �e�x�t�e�n�s�i�v�e� �n�u�m�e�r�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �s�u�c�h� �a�s� �t�h�o�s�e� �c�r�e�a�t�e�d� �b�y� �F�o�o�,� 

�G�o�l�a�n�,� �V�i�c�k�,� �a�n�d� �F�u�r�e�y� �[�3�1�-�3�4�]�.� �T�h�e�s�e� �t�h�e�o�r�e�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �(�a�n�d� �o�t�h�e�r�s�)� �a�r�e� 

�s�u�m�m�a�r�i�z�e�d� �b�y� �W�e�i�c�k� �[�2�3�]� �a�n�d� �w�i�l�l� �n�o�t� �b�e� �p�r�e�s�e�n�t�e�d� �h�e�r�e�i�n�.� �A� �s�u�m�m�a�r�y� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� 

�t�e�c�h�n�i�q�u�e�s� �f�o�r� �m�e�a�s�u�r�i�n�g� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �i�s� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �b�y� �W�e�i�c�k� �[�2�3�]�,� �a�n�d� �a�n� 

�a�b�r�i�d�g�e�d� �v�e�r�s�i�o�n� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �t�o� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n�.� 

�S�i�n�c�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �g�e�n�e�r�a�t�e�d� �b�y� �f�r�i�c�t�i�o�n� �a�r�e� �a�n� �i�m�p�o�r�t�a�n�t� �e�l�e�m�e�n�t� �o�f� 

�t�r�i�b�o�l�o�g�i�c�a�l� �r�e�s�e�a�r�c�h� �o�n� �p�o�l�y�m�e�r�s� �a�n�d� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s�,� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �a�t�t�e�m�p�t�e�d� 

�t�o� �m�a�k�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�h�e�n� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�r�e� �u�t�i�l�i�z�e�d�.� �F�o�r� �t�h�i�s� 
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�r�e�a�s�o�n�,� �a� �s�u�m�m�a�r�y� �o�f� �e�x�p�e�r�i�m�e�n�t�a�l� �s�t�u�d�i�e�s� �w�h�e�r�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �m�e�a�s�u�r�e�d� �w�i�t�h� 

�p�o�l�y�m�e�r�s� �a�n�d� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �i�s� �p�r�e�s�e�n�t�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �r�e�s�e�a�r�c�h� �r�e�l�a�t�e�d� �t�o� �t�h�e� �e�f�f�e�c�t�s� 

�o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �w�e�a�r� �i�s� �p�r�e�s�e�n�t�e�d�,� �a�n�d� �r�e�s�e�a�r�c�h� �t�h�a�t� �a�t�t�e�m�p�t�s� �t�o� �c�o�n�s�i�d�e�r� �t�h�e� 

�i�n�f�l�u�e�n�c�e� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �o�n� �t�h�e� �d�e�s�i�g�n� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �i�s� �a�l�s�o� 

�s�u�m�m�a�r�i�z�e�d�.� 

�2�.�2�.�1� �E�x�p�e�r�i�m�e�n�t�a�l� �S�t�u�d�i�e�s� 

�V�a�r�i�o�u�s� �m�e�t�h�o�d�s� �h�a�v�e� �b�e�e�n� �e�m�p�l�o�y�e�d� �b�y� �r�e�s�e�a�r�c�h�e�r�s� �t�o� �"�m�e�a�s�u�r�e�"� �s�u�r�f�a�c�e� 

�t�e�m�p�e�r�a�t�u�r�e�s� �w�h�e�n� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �u�s�e�d� �i�n� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

�A�l�t�h�o�u�g�h� �n�o�n�e� �o�f� �t�h�e�s�e� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �c�a�p�a�b�l�e� �o�f� �d�i�r�e�c�t�l�y� �m�e�a�s�u�r�i�n�g� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s�,� 

�r�e�s�u�l�t�s� �f�r�o�m� �t�h�e�s�e� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �p�r�o�c�e�s�s�e�s� �i�n�v�o�l�v�e�d�.� 

�I�n� �t�h�e�i�r� �e�v�a�l�u�a�t�i�o�n� �o�f� �r�e�c�i�p�r�o�c�a�t�i�n�g� �s�e�a�l�s� �f�o�r� �S�t�i�r�l�i�n�g� �e�n�g�i�n�e�s�,� �B�h�u�s�h�a�n� �a�n�d� �W�i�l�c�o�c�k� 

�[�7�6�]� �u�s�e�d� �a�n� �e�m�b�e�d�d�e�d� �t�h�e�r�m�o�c�o�u�p�l�e� �i�n� �t�h�e�i�r� �t�e�s�t� �s�p�e�c�i�m�e�n�s� �t�o� �e�s�t�i�m�a�t�e� �s�u�r�f�a�c�e� 

�t�e�m�p�e�r�a�t�u�r�e�.� �S�i�n�c�e� �t�h�i�s� �t�h�e�r�m�o�c�o�u�p�l�e� �w�a�s� �n�o�t� �a�c�t�u�a�l�l�y� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�,� �o�n�l�y� �e�s�t�i�m�a�t�e�s� �o�f� 

�t�h�e� �t�r�u�e� �t�e�m�p�e�r�a�t�u�r�e� �c�o�u�l�d� �b�e� �m�a�d�e�.� �E�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �w�i�d�e� �r�a�n�g�e� 

�o�f� �m�a�t�r�i�c�e�s� �i�n�c�l�u�d�i�n�g� �P�T�F�E�,� �p�o�l�y�i�m�i�d�e�,� �P�P�S�,� �p�o�l�y�e�s�t�e�r�,� �a�n�d� �p�h�e�n�o�l�i�c�.� �I�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� 

�t�h�e�s�e� �m�a�t�r�i�c�e�s� �w�e�r�e� �f�i�b�e�r�s� �a�n�d� �f�i�l�l�e�r�s� �t�h�a�t� �i�n�c�l�u�d�e�d� �g�l�a�s�s� �f�i�b�e�r�s�,� �g�r�a�p�h�i�t�e� �p�o�w�d�e�r�,� �c�a�r�b�o�n� 

�f�i�b�e�r�s�,� �c�a�d�m�i�u�m� �o�x�i�d�e�,� �s�i�l�v�e�r� �p�o�w�d�e�r�,� �a�n�d� �b�r�o�n�z�e� �p�o�w�d�e�r�.� �T�h�e� �c�o�u�n�t�e�r�s�u�r�f�a�c�e� �u�s�e�d� �w�a�s� 

�a� �s�u�r�f�a�c�e� �n�i�t�r�i�d�e�d� �s�t�e�e�l� �d�i�s�k�,� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �7� �t�o� �2�0� �C� �w�e�r�e� �m�e�a�s�u�r�e�d� 

�f�o�r� �t�h�e� �v�a�r�i�o�u�s� �c�o�m�p�o�s�i�t�e�s�.� �N�o�t�e� �t�h�a�t� �a� �r�e�c�i�p�r�o�c�a�t�i�n�g� �t�e�s�t� �a�p�p�a�r�a�t�u�s� �w�a�s� �u�s�e�d� �t�o� �s�i�m�u�l�a�t�e� 

�a� �S�t�i�r�l�i�n�g� �e�n�g�i�n�e�'�s� �p�i�s�t�o�n� �a�n�d� �c�y�l�i�n�d�e�r�,� �a�n�d� �a�n� �a�v�e�r�a�g�e� �v�e�l�o�c�i�t�y� �o�f� �1�.�6� �m�/�s� �w�a�s� �u�s�e�d� �w�i�t�h� 

�a�n� �0�.�6�9� �M�P�a� �n�o�r�m�a�l� �s�t�r�e�s�s�.� �S�i�n�c�e� �B�h�u�s�h�a�n� �a�n�d� �W�i�l�c�o�x� �w�e�r�e� �p�r�i�m�a�r�i�l�y� �i�n�t�e�r�e�s�t�e�d� �i�n� 
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�d�e�c�r�e�a�s�i�n�g� �f�r�i�c�t�i�o�n� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �t�h�e�i�r� �e�n�g�i�n�e�,� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �f�r�i�c�t�i�o�n� 

�w�e�r�e� �g�i�v�e�n� �m�o�r�e� �c�o�n�s�i�d�e�r�a�t�i�o�n� �t�h�a�n� �w�e�a�r�.� �A�s�a� �r�e�s�u�l�t�,� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �c�a�d�m�i�u�m� 

�o�x�i�d�e�,� �g�r�a�p�h�i�t�e�,� �a�n�d� �s�i�l�v�e�r� �c�o�m�p�o�s�i�t�e�s� �o�f� �P�T�F�E� �a�r�e� �t�h�e� �b�e�s�t� �m�a�t�e�r�i�a�l�s� �f�o�r� �S�t�i�r�l�i�n�g� �e�n�g�i�n�e� 

�r�e�c�i�p�r�o�c�a�t�i�n�g� �s�e�a�l�s� �s�i�n�c�e� �t�h�e� �m�e�a�s�u�r�e�d� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� �f�r�i�c�t�i�o�n� �w�e�r�e� �c�o�m�p�a�r�a�t�i�v�e�l�y� �l�o�w�,� 

�0�.�2�8� �a�n�d� �0�.�2�2�.� �T�h�e� �i�n�c�l�u�s�i�o�n� �o�f� �t�h�e�s�e� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�y� �m�a�t�e�r�i�a�l�s� �i�n�t�o� �P�T�F�E� �a�l�s�o� 

�r�e�s�u�l�t�e�d� �i�n� �c�o�m�p�a�r�a�t�i�v�e�l�y� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e�s� �i�n� �t�h�e� �7� �t�o�9� �C� �r�a�n�g�e�.� 

�A� �b�e�t�t�e�r� �e�s�t�i�m�a�t�e� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �H�a�n�m�i�n�,� �e�t�.� �a�l� �[�7�7�]� 

�w�h�o� �u�s�e�d� �a� �"�n�a�t�u�r�a�l� �t�h�e�r�m�o�c�o�u�p�l�e�"� �t�o� �m�a�k�e� �m�e�a�s�u�r�e�m�e�n�t�s� �u�s�i�n�g� �a� �P�P�S�/�c�a�r�b�o�n� �f�i�b�e�r� 

�c�o�m�p�o�s�i�t�e� �r�u�b�b�i�n�g� �a�g�a�i�n�s�t� �s�t�e�e�l�.� �T�h�i�s� �n�a�t�u�r�a�l� �t�h�e�r�m�o�c�o�u�p�l�e� �w�a�s� �f�o�r�m�e�d� �b�y� �c�o�m�p�a�r�i�n�g� 

�a� �m�e�a�s�u�r�e�d� �t�h�e�r�m�o�-�e�m�f� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�i�t�h� �t�h�e� �t�h�e�r�m�o�-�e�m�f� �o�f� �a� �r�e�f�e�r�e�n�c�e� �t�h�e�r�m�o�c�o�u�p�l�e� 

�c�o�m�p�r�i�s�e�d� �o�f� �a� �s�t�r�a�n�d� �o�f� �c�a�r�b�o�n� �f�i�b�e�r� �a�n�d� �a� �s�t�r�a�n�d� �o�f� �t�h�e� �s�t�e�e�l� �m�a�t�e�r�i�a�l� �u�s�e�d� �a�s� �t�h�e� 

�c�o�u�n�t�e�r�f�a�c�e�.� �T�h�i�s� �r�e�f�e�r�e�n�c�e� �t�h�e�r�m�o�c�o�u�p�l�e� �w�a�s� �c�a�l�i�b�r�a�t�e�d� �i�n� �a�n� �o�i�l� �t�h�e�r�m�o�s�t�a�t�,� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �a�n� �a�v�e�r�a�g�e� �c�o�n�t�a�c�t� �t�e�m�p�e�r�a�t�u�r�e� �o�v�e�r� �t�h�e� �i�n�t�e�r�f�a�c�e� �c�o�u�l�d� �b�e� �m�e�a�s�u�r�e�d� �d�u�r�i�n�g� �a�n� 

�e�x�p�e�r�i�m�e�n�t�.� 

�F�i�g�u�r�e� �2�-�2� �s�h�o�w�s� �t�e�m�p�e�r�a�t�u�r�e�s� �m�e�a�s�u�r�e�d� �i�n� �t�h�i�s� �m�a�n�n�e�r� �p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �f�i�b�e�r� 

�c�o�n�t�e�n�t� �f�o�r� �f�i�v�e� �n�o�r�m�a�l� �l�o�a�d�s�.� �A�t� �l�o�w� �f�i�b�e�r� �c�o�n�t�e�n�t�s�,� �F�i�g�.� �2�-�2� �s�h�o�w�s� �t�h�a�t� �t�h�e� �c�o�n�t�a�c�t� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �h�i�g�h� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�e�r�e� �s�u�p�p�o�r�t�i�n�g� �t�h�e� �l�o�a�d� �[�7�7�]�.� 

�B�e�t�w�e�e�n� �2�0�%� �a�n�d� �4�0�%� �f�i�b�e�r� �c�o�n�t�e�n�t�,� �F�i�g�.� �2�-�2� �s�h�o�w�s� �a� �m�i�n�i�m�u�m� �i�n� �c�o�n�t�a�c�t� �t�e�m�p�e�r�a�t�u�r�e� 

�d�u�e� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �s�u�l�p�h�u�r� �t�r�a�n�s�f�e�r� �f�i�l�m� �t�h�a�t� �w�a�s� �o�b�s�e�r�v�e�d� �a�f�t�e�r� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� 

�w�e�r�e� �p�e�r�f�o�r�m�e�d�.� �A�t� �h�i�g�h� �f�i�b�e�r� �c�o�n�t�e�n�t�s�,� �t�h�e� �s�u�p�p�l�y� �o�f� �P�P�S� �w�a�s� �s�m�a�l�l� �a�n�d� �t�h�i�s� �t�r�a�n�s�f�e�r� 

�f�i�l�m� �c�o�u�l�d� �n�o�t� �f�o�r�m�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �c�o�n�t�a�c�t� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �h�i�g�h�.� 

�H�a�n�m�i�n� �e�t�.� �a�l� �[�7�7�]� �a�l�s�o� �p�l�o�t�t�e�d� �w�e�a�r� �r�a�t�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �f�i�b�e�r� �c�o�n�t�e�n�t� �a�s� �s�h�o�w�n� �i�n� 
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�f�i�g�u�r�e� �a�r�e� �n�o�t� �e�a�s�i�l�y� �c�o�r�r�e�l�a�t�e�d� �w�i�t�h� �t�h�e� 

�c�o�n�t�a�c�t� �t�e�m�p�e�r�a�t�u�r�e�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�2�.� 
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�{�L�O�A�D� �(�N�)�:� �°� �5�0�;� �X� �2�0�0�;� �A� �3�0�0�;� �©� �5�0�0�}� �[�7�7�]� 

�T�h�i�s� �t�e�c�h�n�i�q�u�e� �u�t�i�l�i�z�e�d� �a� �p�i�n�-�o�n�-�d�i�s�k� 

�m�a�c�h�i�n�e� �e�n�c�l�o�s�e�d� �i�n� �a� �v�a�c�u�u�m� �c�h�a�m�b�e�r� �w�i�t�h� �t�h�e� �a�n�a�l�y�z�i�n�g� �t�u�b�e� �o�f� �a� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r� 

�c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �c�h�a�m�b�e�r�.� �D�u�r�i�n�g� �a�n� �e�x�p�e�r�i�m�e�n�t�,� �g�a�s�e�s� �e�m�i�t�t�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�e�r�e� 
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�a�n�a�l�y�z�e�d� �a�n�d� �c�o�m�p�a�r�e�d� �t�o� �p�r�e�d�e�t�e�r�m�i�n�e�d� �g�a�s� �c�o�m�p�o�s�i�t�i�o�n�s� �t�h�a�t� �c�o�r�r�e�s�p�o�n�d� �t�o� �a� �c�e�r�t�a�i�n� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �p�o�l�y�m�e�r�i�c� �s�p�e�c�i�m�e�n�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �w�a�s� �n�o�t� �a� �d�i�r�e�c�t� �m�e�a�s�u�r�e�m�e�n�t� 

�m�e�t�h�o�d�,� �t�h�e� �g�e�n�e�r�a�l�i�z�e�d� �r�e�s�u�l�t�s� �a�s� �p�r�e�s�e�n�t�e�d� �b�y� �t�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �s�h�o�w� �s�o�m�e� �i�n�t�e�r�e�s�t�i�n�g� 

�t�r�e�n�d�s�.� 

�R�h�e�e� �a�n�d� �L�u�d�e�m�a�'�s� �s�c�h�e�m�a�t�i�c� �r�e�s�u�l�t�s� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�.� �2�-�4� �a�n�d� �s�h�o�w� �f�r�i�c�t�i�o�n�,� 

�w�e�a�r�,� �g�a�s� �e�v�o�l�u�t�i�o�n�,� �a�n�d� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�.� �N�o�t�e� �t�h�a�t� �t�h�e�s�e� 

�c�u�r�v�e�s� �r�e�p�r�e�s�e�n�t� �g�e�n�e�r�a�l�i�z�e�d� �r�e�s�u�l�t�s� �f�o�r� �N�y�l�o�n� �6�/�6�,� �a�c�e�t�a�l�,� �a�n�d� �a�c�e�t�a�l�/�P�T�F�E� �s�l�i�d�i�n�g� �a�g�a�i�n�s�t� 

�s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �o�r� �q�u�a�r�t�z�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�4�,� �t�h�e� �s�u�b�s�t�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�d� 

�n�o�n�l�i�n�e�a�r�l�y� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e� �a�n�d� �n�e�v�e�r� �r�e�a�c�h�e�d� �a� �c�o�n�s�t�a�n�t� �l�e�v�e�l�.� �A�l�s�o� �t�h�e� �g�a�s� 

�e�v�o�l�u�t�i�o�n� �r�a�t�e� �w�a�s� �c�o�n�s�t�a�n�t� �f�o�r� �o�n�l�y� �t�h�e� �f�i�r�s�t� �p�a�r�t� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� �T�h�e�n�,� �i�t� �s�t�a�r�t�e�d� �t�o� 

�r�i�s�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�e�m�p�e�r�a�t�u�r�e�s� �a�t� 

� � 

�w�h�i�c�h� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �r�e�g�i�o�n� �w�a�s� �a�b�o�v�e� 

�r�w� �a� �:� �t�h�e� �c�r�y�s�t�a�l�l�i�n�e� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� �t�h�e� 

�p�o�l�y�m�e�r� �[�7�8�]�.� �A�t� �t�h�e� �e�n�d� �o�f� �t�h�i�s� �p�h�a�s�e�,� � � 

�W�E�A�R� �:� �a� �t�h�e� �w�e�a�r� �o�f� �t�h�e� �p�o�l�y�m�e�r� �s�t�a�r�t�e�d� �t�o� 

�i�n�c�r�e�a�s�e� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�i�m�e� �a�n�d� �t�h�e� 
� � 

�f�r�i�c�t�i�o�n� �i�n�c�r�e�a�s�e�d� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� 

� � 

�b�r�e�a�k�d�o�w�n� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �l�a�y�e�r� �f�o�r�m�e�d� � � 

�S�U�B�S�T�R�A�T�E� �T�E�M�P�.� �i�n� �t�h�e� �s�e�c�o�n�d� �p�h�a�s�e� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�.� 

�O�b�s�e�r�v�a�t�i�o�n�s� �b�y� �R�h�e�e� �a�n�d� �L�u�d�e�m�a� � � � � 
� � 

� � 

�S�L�I�D�I�N�G� �T�I�M�E�  � ��>� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �t�r�a�n�s�f�e�r� �f�i�l�m� �w�a�s� �n�o�t� 

�F�I�G�U�R�E� �2�-�4�:� �S�C�H�E�M�A�T�I�C� �D�A�T�A� �F�O�R� �P�O�L�Y�M�E�R�S� �S�L�I�D�I�N�G� �O�N� �Q�U�A�R�T�Z� �A�N�D� �S�T�A�I�N�L�E�S�S� �l�a�i�d� �d�o�w�n� �b�y� �s�u�c�c�e�s�s�i�v�e� �a�n�d� �s�i�m�p�l�e� �s�h�e�a�r� 
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�o�f� �t�h�e� �p�o�l�y�m�e�r�.� �I�n�s�t�e�a�d�,� �t�h�e�y� �s�t�a�t�e�d� �t�h�a�t� �t�h�e�r�e� �w�a�s� �c�o�n�s�i�d�e�r�a�b�l�e� �t�u�r�b�u�l�e�n�c�e� �o�r� �r�o�l�l�i�n�g� �o�f� 

�t�h�e� �p�o�l�y�m�e�r� �w�i�t�h�i�n� �t�h�e� �t�r�a�n�s�f�e�r� �f�i�l�m� �d�u�r�i�n�g� �t�h�e� �f�o�r�m�a�t�i�o�n� �p�r�o�c�e�s�s� �[�7�8�]�.� 

�I�n� �p�e�r�h�a�p�s� �t�h�e� �m�o�s�t� �v�i�a�b�l�e� �s�t�u�d�y� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �g�e�n�e�r�a�t�e�d� �w�i�t�h� �p�o�l�y�m�e�r�i�c� 

�m�a�t�e�r�i�a�l�s�,� �T�r�i�p�a�t�h�y� �a�n�d� �F�u�r�e�y� �[�2�6�-�2�8�]� �h�a�v�e� �u�t�i�l�i�z�e�d� �t�h�e� �i�n�f�r�a�r�e�d� �m�i�c�r�o�s�c�o�p�e� �s�y�s�t�e�m� 

�o�u�t�l�i�n�e�d� �i�n� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �t�o� �m�a�k�e� �t�h�e� �f�i�r�s�t� �d�i�r�e�c�t� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� 

�g�e�n�e�r�a�t�e�d� �w�i�t�h� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s�.� �T�h�e�y� �u�s�e�d� �a� �s�l�i�d�i�n�g� �c�o�n�f�i�g�u�r�a�t�i�o�n� �c�o�n�s�i�s�t�i�n�g� �o�f� �a� 

�r�o�t�a�t�i�n�g� �s�a�p�p�h�i�r�e� �d�i�s�k� �a�n�d� �g�r�a�p�h�i�t�e�/�e�p�o�x�y� �o�r� �c�a�r�b�o�n� �/� �p�o�l�y�e�t�h�e�r�e�t�h�e�r�k�e�t�o�n�e�(�p�e�e�k�)� 

�c�o�m�p�o�s�i�t�e� �t�e�s�t� �s�p�e�c�i�m�e�n�.� �R�e�s�u�l�t�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �m�a�x�i�m�u�m� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �r�e�a�c�h�e�d� 

�w�i�t�h� �b�o�t�h� �t�h�e� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �c�l�o�s�e� �t�o� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� 

�o�f� �t�h�e� �r�e�s�p�e�c�t�i�v�e� �m�a�t�r�i�x� �m�a�t�e�r�i�a�l�s� �[�2�8�]�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�5�,� �t�h�e� �m�a�x�i�m�u�m� �s�u�r�f�a�c�e� 
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�2�5� � � � � � � �2� �3� �4� �5� �6� �7� �8� 
�V�e�l�o�c�i�t�y� �(�m�/�s�)� 

�F�I�G�U�R�E� �2�-�5�:� �S�U�R�F�A�C�E� �T�E�M�P�E�R�A�T�U�R�E� �R�E�S�U�L�T�S� �F�O�R� �G�R�A�P�H�I�T�E�/�E�P�O�X�Y� �I�N� �O�S�C�I�L�L�A�T�I�N�G� 
�C�O�N�T�A�C�T� �W�I�T�H� �A� �S�A�P�P�H�I�R�E� �D�I�S�K� �[�2�8�]� 
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�t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �t�h�e� �g�r�a�p�h�i�t�e�/�e�p�o�x�y� �m�a�t�e�r�i�a�l�s� �r�e�a�c�h�e�d� �1�1�0� �C� �w�h�i�c�h� �i�s� �c�l�o�s�e� �t�o� �t�h�e� �1�0�8� �C� 

�g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �e�p�o�x�y� �m�a�t�r�i�x�.� �S�i�m�i�l�a�r�l�y�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�6�,� �t�h�e� 

�h�i�g�h�e�s�t� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �t�h�e� �c�a�r�b�o�n�/�p�e�e�k� �m�a�t�e�r�i�a�l� �r�a�n�g�e�d� �f�r�o�m� �1�3�0� �t�o� �1�7�0� �C� 

�d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n�.� �T�h�i�s� �i�s� �o�n�c�e� �a�g�a�i�n� �c�l�o�s�e� �t�o� �t�h�e� �1�3�9� �C� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �m�a�t�r�i�x� �m�a�t�e�r�i�a�l�.� �B�e�c�a�u�s�e� �o�f� �t�h�e�s�e� �o�b�s�e�r�v�a�t�i�o�n�s�,� �T�r�i�p�a�t�h�y� �a�n�d� �F�u�r�e�y� 

�h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �m�a�x�i�m�u�m� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�p�p�e�a�r� �t�o� �b�e� �l�i�m�i�t�e�d� �b�y� �t�h�e� �m�a�t�r�i�x� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �i�r�r�e�s�p�e�c�t�i�v�e� �o�f� �f�r�i�c�t�i�o�n�a�l� �h�e�a�t� �g�e�n�e�r�a�t�i�o�n� �[�2�8�]�.� �F�u�r�t�h�e�r�m�o�r�e�,� �a�t� 

�l�e�a�s�t� �f�o�r� �t�h�e� �c�a�r�b�o�n�/�p�e�e�k� �m�a�t�e�r�i�a�l�s�,� �t�h�e�r�e� �a�p�p�e�a�r�e�d� �t�o� �b�e� �a�n� �i�n�f�l�u�e�n�c�e� �o�f� �f�i�b�e�r� �o�r�i�e�n�t�a�t�i�o�n� 

�o�n� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�.� 
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�F�I�G�U�R�E� �2�-�6�:� �S�U�R�F�A�C�E� �T�E�M�P�E�R�A�T�U�R�E� �R�E�S�U�L�T�S� �F�O�R� �C�A�R�B�O�N�/�P�E�E�K� �I�N� �O�S�C�I�L�L�A�T�I�N�G� 

�C�O�N�T�A�C�T� �W�I�T�H� �A� �S�A�P�P�H�I�R�E� �D�I�S�K� �[�2�8�]� 
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�2�.�2�.�2� �E�f�f�e�c�t�s� �o�f� �S�u�r�f�a�c�e� �T�e�m�p�e�r�a�t�u�r�e� �o�n� �W�e�a�r� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e�i�r� �d�i�r�e�c�t� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�,� �T�r�i�p�a�t�h�y� �a�n�d� �F�u�r�e�y� 

�[�2�6�-�2�8�]� �h�a�v�e� �a�l�s�o� �f�o�u�n�d� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �w�e�a�r�.� �A�s� �s�h�o�w�n� 

�i�n� �F�i�g�s�.� �2�-�7� �a�n�d� �2�-�8�,� �t�h�e� �t�r�e�n�d� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �t�o�t�a�l� �v�e�l�o�c�i�t�y� 

�r�a�n�g�e� �c�o�u�l�d� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �p�a�r�t�s� �-�-� �a� �"�l�o�w� �v�e�l�o�c�i�t�y� �r�e�g�i�m�e �� �a�n�d� �a�  ��h�i�g�h� �v�e�l�o�c�i�t�y� 

�r�e�g�i�m�e �� �-�-� �w�h�i�c�h� �w�e�r�e� �d�e�f�i�n�e�d� �b�a�s�e�d� �o�n� �t�h�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �p�r�o�d�u�c�e�d� �i�n� �e�a�c�h� �[�2�8�]�.� 

�L�O�W� �V�E�L�O�C�I�T�Y� �|�H�I�G�H� �V�E�L�O�C�I�T�Y� �L�O�W� �V�E�L�O�C�I�T�Y� �|� �H�I�G�H� �V�E�L�O�C�I�T�Y� 
�R�E�G�I�M�E� �R�E�G�I�M�E� �R�E�G�I�M�E� �R�E�G�I�M�E� � � � 
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�W�E�A�R� �R�A�T�E� �=�~�.� �f�f� �e�t� �\�T�O� �F�A�T�I�G�U�E� 
�w�e�e� �C�H�A�N�G�E� �D�U�E� �a�e� �\� 

�c�e� �T�O� �F�A�T�I�G�U�E� �a� �.� 
�N� 

�I� �J� �1� �I� �t� 

�0� �2� �4� �6� �8� �1�0� �1�2� �0� �2�0� �4� �6� �8� �1�0� �1�2� 
�V�E�L�O�C�I�T�Y� �(�m�/�s�)� �V�E�L�O�C�I�T�Y� �(�m�/�s�)� 

�F�I�G�U�R�E� �2�-�7�:� �Q�U�A�L�I�T�A�T�I�V�E� �R�E�P�R�E�S�E�N�T�A�T�I�O�N� �O�F� �F�I�G�U�R�E� �2�-�8�:� �Q�U�A�L�I�T�A�T�I�V�E� �R�E�P�R�E�S�E�N�T�A�T�I�O�N� �O�F� 
�T�H�E� �W�E�A�R� �B�E�H�A�V�I�O�R� �O�F� �G�R�A�P�H�I�T�E�/�E�P�O�X�Y� �[�2�8�]� �T�H�E� �W�E�A�R� �B�E�H�A�V�I�O�R� �O�F� �C�A�R�B�O�N�/�P�E�E�K� �[�2�8�]� 

�T�h�e� �d�i�v�i�s�i�o�n� �b�e�t�w�e�e�n� �t�h�e�s�e� �t�w�o� �"�r�e�g�i�m�e�s�"� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�e� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �m�a�t�r�i�x� �m�a�t�e�r�i�a�l�s�.� �I�n� �t�h�e� �"�l�o�w� �v�e�l�o�c�i�t�y� �r�e�g�i�m�e�"�,� �s�u�r�f�a�c�e� 

�t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �b�e�l�o�w� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �i�n� �t�h�e� �"�h�i�g�h� �v�e�l�o�c�i�t�y� 

�r�e�g�i�m�e�"� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l� �t�o� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �3�3



�[�2�8�]�.� �A�s�a� �r�e�s�u�l�t�,� �i�n� �t�h�e� �"�h�i�g�h� �v�e�l�o�c�i�t�y� �r�e�g�i�m�e�"� �a�d�h�e�s�i�v�e� �w�e�a�r� �w�a�s� �o�n�e� �o�f� �t�h�e� �c�o�n�t�r�o�l�l�i�n�g� 

�f�a�c�t�o�r�s� �s�i�n�c�e� �s�i�g�n�i�f�i�c�a�n�t� �s�o�f�t�e�n�i�n�g� �o�f� �t�h�e� �p�o�l�y�m�e�r� �m�a�t�r�i�c�e�s� �o�c�c�u�r�r�e�d� �a�b�o�v�e� �t�h�e� �g�l�a�s�s� 

�t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� �H�o�w�e�v�e�r�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�s�.� �2�-�7� �a�n�d� �2�-�8�,� �f�a�t�i�g�u�e� �w�e�a�r� �w�a�s� �a�l�s�o� 

�a� �f�a�c�t�o�r�.� �F�o�r� �t�h�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �c�a�r�b�o�n�/�p�e�e�k� �m�a�t�e�r�i�a�l�,� �a� �s�h�a�r�p� �d�e�c�r�e�a�s�e� �i�n� �w�e�a�r� �w�a�s� 

�o�b�s�e�r�v�e�d� �a�r�o�u�n�d� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �d�u�e� �t�o� �p�l�a�s�t�i�c� �f�l�o�w� �a�r�o�u�n�d� �t�h�e� �c�r�a�c�k� �t�i�p�s� 

�[�2�8�]�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �f�o�r� �g�r�a�p�h�i�t�e� �e�p�o�x�y� �t�h�i�s� �f�a�t�i�g�u�e� �e�f�f�e�c�t� �w�a�s� �l�e�s�s� �p�r�o�n�o�u�n�c�e�d� �d�u�e� 

�t�o� �i�t�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �t�h�e�r�m�o�s�e�t�t�i�n�g� �b�e�h�a�v�i�o�r� �w�h�i�c�h� �l�i�m�i�t�s� �s�o�f�t�e�n�i�n�g� �a�n�d� �f�l�o�w�.� �T�r�i�p�a�t�h�y� �a�n�d� 

�F�u�r�e�y� �h�y�p�o�t�h�e�s�i�z�e�d� �t�h�a�t� �t�h�e� �a�d�h�e�s�i�v�e� �a�n�d� �f�a�t�i�g�u�e� �w�e�a�r� �m�e�c�h�a�n�i�s�m�s� �b�o�t�h� �c�o�n�t�r�i�b�u�t�e�d� �t�o� 

�t�h�e� �o�b�s�e�r�v�e�d� �w�e�a�r� �r�a�t�e� �f�o�r� �t�h�e� �t�w�o� �m�a�t�e�r�i�a�l�s� �s�t�u�d�i�e�d� �[�2�8�]�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �d�a�s�h�e�d� �l�i�n�e�s� 

�i�n� �F�i�g�s�.� �2�-�7� �a�n�d� �2�-�8� �w�h�i�c�h� �a�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �a�d�h�e�s�i�v�e� �a�n�d� �f�a�t�i�g�u�e� �w�e�a�r� �m�e�c�h�a�n�i�s�m�s� 

�c�a�n� �b�e� �q�u�a�l�i�t�a�t�i�v�e�l�y� �c�o�m�b�i�n�e�d� �t�o� �f�o�r�m� �t�h�e� �s�o�l�i�d� �l�i�n�e�s� �w�h�i�c�h� �a�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� 

�e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a�.� 

�W�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �T�r�i�p�a�t�h�y� �a�n�d� �F�u�r�e�y� �[�2�6�-�2�8�]�,� �f�e�w� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �a�t�t�e�m�p�t�e�d� 

�t�o� �a�c�t�u�a�l�l�y� �m�e�a�s�u�r�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �g�e�n�e�r�a�t�e�d� �u�s�i�n�g� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �w�e�a�r� �a�r�e� �a�l�m�o�s�t� �n�o�n�e�x�i�s�t�e�n�t� �i�n� �t�h�e� 

�g�e�n�e�r�a�l� �l�i�t�e�r�a�t�u�r�e�.� �I�n� �s�p�i�t�e� �o�f� �t�h�i�s� �f�a�c�t�,� �c�e�r�t�a�i�n� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �b�e�e�n� �a�b�l�e� �t�o� �a�s�s�e�s�s� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �w�e�a�r� �b�y� �v�a�r�y�i�n�g� �c�e�r�t�a�i�n� �t�e�s�t� �c�o�n�d�i�t�i�o�n�s�.� �F�o�r� �i�n�s�t�a�n�c�e�,� 

�A�n�d�e�r�s�o�n� �[�7�9�]� �a�n�d� �G�i�l�t�r�o�w� �[�8�0�]� �h�a�v�e� �p�r�e�s�e�n�t�e�d� �r�e�s�u�l�t�s� �f�o�r� �w�e�a�r� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �"�s�u�r�f�a�c�e� 

�t�e�m�p�e�r�a�t�u�r�e �� �a�l�o�n�g� �w�i�t�h� �T�a�n�a�k�a� �a�n�d� �Y�a�m�a�d�a� �[�8�1�]�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �"�t�e�m�p�e�r�a�t�u�r�e�s�"� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �b�y� �e�l�e�v�a�t�i�n�g� �t�h�e� �b�u�l�k� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �u�s�i�n�g� �e�x�t�e�r�n�a�l� �h�e�a�t�i�n�g� 

�e�l�e�m�e�n�t�s�.� �I�n� �t�h�i�s� �w�a�y�,� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �c�a�n� �b�e� �s�i�m�u�l�a�t�e�d�.� �A�s� �p�o�i�n�t�e�d� 

�o�u�t� �b�y� �A�n�d�e�r�s�o�n� �[�7�9�]�,� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�i�s� �s�i�m�u�l�a�t�i�o�n� �g�e�t�s� �b�e�t�t�e�r� �a�t� �l�o�w�e�r� �s�l�i�d�i�n�g� �s�p�e�e�d�s�;� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �3�4



�b�u�t� �t�h�e� �s�u�p�e�r�p�o�s�i�t�i�o�n� �o�f� �f�r�i�c�t�i�o�n�a�l�l�y� �g�e�n�e�r�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s� �o�n� �t�o� �t�h�e� �b�u�l�k� �t�e�m�p�e�r�a�t�u�r�e� �i�s� 

�s�t�i�l�l� �a�n� �u�n�c�o�n�t�r�o�l�l�e�d� �p�a�r�a�m�e�t�e�r�.� 

�F�i�g�u�r�e� �2�-�9� �s�h�o�w�s� �w�e�a�r� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �b�y� �A�n�d�e�r�s�o�n� �[�7�9�]� �f�o�r� �v�a�r�i�o�u�s� �P�T�F�E� �a�n�d� 

�p�o�l�y�i�m�i�d�e� �c�o�m�p�o�s�i�t�e�s� �r�u�b�b�e�d� �a�g�a�i�n�s�t� �a�n� �e�l�e�c�t�r�i�c�a�l�l�y�-�h�e�a�t�e�d� �m�i�l�d� �s�t�e�e�l� �d�i�s�k�.� �T�h�e�r�e�f�o�r�e�,� 

�t�h�e� �h�o�r�i�z�o�n�t�a�l� �"�t�e�m�p�e�r�a�t�u�r�e�"� �a�x�i�s� �i�n� �F�i�g�.� �2�-�9� �i�s� �i�n�d�i�c�a�t�i�v�e� �o�f� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �s�t�e�e�l� 

�d�i�s�k�.� �T�h�e� �p�o�l�y�i�m�i�d�e� �m�a�t�e�r�i�a�l�s� �a�l�l� �e�x�h�i�b�i�t�e�d� �a� �c�o�n�t�i�n�u�o�u�s� �i�n�c�r�e�a�s�e� �i�n� �w�e�a�r� �r�a�t�e� �w�i�t�h� 

�t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �f�o�u�r� �p�o�l�y�i�m�i�d�e� 

�1�0�°�7�4�.� 
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�1�0�6� 

�P�T�F�E� �-� �B�A�S�E�D� �C�O�M�P�O�S�I�T�E�S� 
�1�,�2�:� �M�I�N�E�R�A�L� �F�I�L�L�E�D� 
�3�:� �6�0�%� �B�R�O�N�Z�E� 
�4�:� �1�5�%� �C�A�R�B�O�N� �F�I�B�E�R�S� 
�5�:� �L�E�A�D�/�B�R�O�N�Z�E� �S�I�N�T�E�R�E�D� 

�6�,�7�:� �C�A�R�B�O�N�/�G�R�A�P�H�I�T�E� 

�1�0�°�7�1� �1� �1� �L� 
�o�O� �1�0�0� �2�0�0� �3�0�0� 

�T�E�M�P�E�R�A�T�U�R�E� �(�C�)� 

�F�I�G�U�R�E� �2�-�9�:� �W�E�A�R� �R�A�T�E� �V�E�R�S�U�S� �C�O�U�N�T�E�R�S�U�R�F�A�C�E� �T�E�M�P�E�R�A�T�U�R�E� �F�O�R� �F�I�L�L�E�D� �P�O�L�Y�I�M�I�D�E�S� �A�N�D� 
�P�T�F�E�S�.� �T�H�E� �C�O�U�N�T�E�R�S�U�R�F�A�C�E� �I�S� �A�N� �E�L�E�C�T�R�I�C�A�L�L�Y�-�H�E�A�T�E�D� �S�T�E�E�L� �D�I�S�K� �[�7�9�]� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �3�5



�c�o�m�p�o�s�i�t�e�s� �t�e�s�t�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �f�o�r� �P�T�F�E� �c�o�m�p�o�s�i�t�e�s� �s�h�o�w�e�d� �m�o�r�e� �v�a�r�i�a�t�i�o�n� �o�f� �w�e�a�r� �w�i�t�h� 

�t�e�m�p�e�r�a�t�u�r�e�.� �F�o�r� �P�T�F�E� �c�o�m�p�o�s�i�t�e�s� �c�o�n�t�a�i�n�i�n�g� �u�n�s�p�e�c�i�f�i�e�d� �m�i�n�e�r�a�l�s�,� �t�h�e� �w�e�a�r� �r�a�t�e�s� 

�s�h�o�w�e�d� �a� �c�o�n�t�i�n�u�o�u�s� �i�n�c�r�e�a�s�i�n�g� �t�r�e�n�d� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�i�s� �w�a�s� �a�l�s�o� �t�r�u�e� �f�o�r� �a� 

�P�T�F�E�/�b�r�o�n�z�e� �m�a�t�e�r�i�a�l� �a�n�d� �a� �s�p�e�c�i�a�l� �s�t�e�e�l�-�b�a�c�k�e�d� �P�T�F�E�/�l�e�a�d� �b�r�o�n�z�e� �s�i�n�t�e�r�e�d� �m�a�t�e�r�i�a�l� �t�h�a�t� 

�w�a�s� �t�e�s�t�e�d� �f�o�r� �a� �j�o�u�r�n�a�l� �b�e�a�r�i�n�g� �m�a�n�u�f�a�c�t�u�r�e�r�.� �F�r�o�m� �F�i�g�.� �2�-�9�,� �i�t� �i�s� �i�n�t�e�r�e�s�t�i�n�g� �t�o� �n�o�t�e� 

�t�h�a�t� �t�h�e� �g�r�a�p�h�i�t�e� �a�n�d� �c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �o�f� �P�T�F�E� �s�h�o�w�e�d� �a� �d�e�c�r�e�a�s�e� �i�n� �w�e�a�r� �u�n�t�i�l� 

�a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �8�0� �C� �w�a�s� �r�e�a�c�h�e�d�.� �A�t� �t�h�i�s� �t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e� �w�e�a�r� �b�e�g�a�n� �t�o� �i�n�c�r�e�a�s�e� �a�s� 

�a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�.� �P�o�s�s�i�b�l�e� �e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� �t�h�i�s� �p�h�e�n�o�m�e�n�o�n� �w�e�r�e� �n�o�t� �g�i�v�e�n� �b�y� 

�t�h�e� �r�e�s�e�a�r�c�h�e�r� �[�7�9�]�.� 

�A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�0�,� �G�i�l�t�r�o�w� �[�8�0�]� �h�a�s� �a�l�s�o� �p�r�e�s�e�n�t�e�d� �d�a�t�a� �f�o�r� �p�o�l�y�i�m�i�d�e� 

�c�o�m�p�o�s�i�t�e�s� �i�n� �w�h�i�c�h� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �c�o�u�n�t�e�r�f�a�c�e� �w�a�s� �h�e�a�t�e�d� �e�x�t�e�r�n�a�l�l�y�.� �F�o�r� �t�h�i�s� 

� � 

�K�E�Y� �T�O� �F�I�G�U�R�E� �2�-�1�0� 

� � 

� � 

�S�O�U�R�C�E� �N�O�.� �F�I�L�L�E�R� �W�T�.�%� 

�C�O�M�M�E�R�C�I�A�L� �1�.� �N�O�N�E� 

�2� �1�5�%� �G�R�A�P�H�I�T�E� 

�3� �1�5�%� �M�o�S�,� 
� � 

�E�X�P�E�R�I�M�E�N�T�A�L� �4� �N�O�N�E� 

�5� �1�5�%� �P�T�F�E� 

�6� �1�5�%� �G�R�A�P�H�I�T�E� 
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�C�O�M�M�E�R�C�I�A�L� �7� �6�0�%� �G�L�A�S�S� 

�8� �1�5�-�3�0�%� �G�R�A�P�H�I�T�E� 

� � 

� � � � �9� �3�0�-�4�0�%� �G�R�A�P�H�I�T�E� �4� �p�l� 

�1�0�0� �2�0�0� �3�0�0� 
� � 

�1�0� �2�0�%� �G�R�A�P�H�I�T�E� �+� 
�2�-�3�%� �M�o�S�,� 

�1�1� �P�R�O�P�R�I�E�T�A�R�Y� �-� �.� 
�G�R�A�P�H�I�T�E� �F�I�L�L�E�D� �F�I�G�U�R�E� �2�-�1�0�:� �A� �C�O�M�P�A�R�I�S�O�N� �O�F� �W�E�A�R� 

�R�A�T�E�S� �V�E�R�S�U�S� �T�E�M�P�E�R�A�T�U�R�E� �F�O�R� �F�I�L�L�E�D� 
�P�O�L�Y�I�M�I�D�E� �C�O�M�P�O�S�I�T�E�S� �[�8�0�]� 

�T�E�M�P�E�R�A�T�U�R�E� �(�C�)� 

� � 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �3�6



�w�o�r�k�,� �a� �c�r�o�s�s�e�d� �c�y�l�i�n�d�e�r� �g�e�o�m�e�t�r�y� �w�a�s� �u�s�e�d� �i�n� �l�i�e�u� �o�f� �t�h�e� �t�h�r�u�s�t� �w�a�s�h�e�r� �c�o�n�f�i�g�u�r�a�t�i�o�n� 

�u�s�e�d� �b�y� �A�n�d�e�r�s�o�n� �[�7�9�]�.� �I�m�p�o�r�t�a�n�t� �a�s�p�e�c�t�s� �o�f� �F�i�g�u�r�e� �2�-�1�0� �i�n�c�l�u�d�e� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� 

�g�l�a�s�s�-�f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �p�o�l�y�i�m�i�d�e� �s�h�o�w�e�d� �t�h�e� �h�i�g�h�e�s�t� �w�e�a�r� �r�a�t�e� �e�v�e�n� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� 

�a�n� �u�n�f�i�l�l�e�d� �p�o�l�y�i�m�i�d�e�.� �A�l�s�o�,� �t�h�e� �g�r�a�p�h�i�t�e� �r�e�i�n�f�o�r�c�e�d� �p�o�l�y�i�m�i�d�e�s� �a�l�l� �e�x�h�i�b�i�t�e�d� �s�i�m�i�l�a�r� �w�e�a�r� 

�r�a�t�e�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �i�n�c�r�e�a�s�i�n�g� �t�r�e�n�d� �i�n� �t�h�e� �w�e�a�r� �o�f� �t�h�e� �g�r�a�p�h�i�t�e� 

�r�e�i�n�f�o�r�c�e�d� �m�a�t�e�r�i�a�l�s� �w�a�s� �l�a�r�g�e�l�y� �d�u�e� �t�o� �t�h�e� �r�e�m�o�v�a�l� �o�f� �a� �c�a�r�b�o�n�/�r�e�s�i�n� �t�r�a�n�s�f�e�r� �f�i�l�m� �a�t� 

�e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�i�s� �f�i�l�m� �w�a�s� �p�r�e�d�o�m�i�n�a�n�t� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �l�o�s�s� �o�f� 

�a�d�s�o�r�b�e�d� �w�a�t�e�r� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� �c�o�m�p�l�e�t�e� �r�e�m�o�v�a�l� �o�f� �t�h�i�s� �f�i�l�m� 

�a�t� �a�b�o�u�t� �1�0�0� �C� �[�8�0�]�.� 

�A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�1�,� �T�a�n�a�k�a� �a�n�d� �Y�a�m�a�d�a� �[�8�1�]� �h�a�v�e� �p�r�e�s�e�n�t�e�d� �r�e�s�u�l�t�s� �f�o�r� �v�a�r�i�o�u�s� 

�p�o�l�y�m�e�r�s� �a�n�d� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �s�l�i�d�i�n�g� �o�n� �e�x�t�e�r�n�a�l�l�y� �h�e�a�t�e�d� �s�t�e�e�l� �d�i�s�k�s�.� �R�e�s�u�l�t�s� �a�r�e� 

�s�h�o�w�n� �f�o�r� �u�n�r�e�i�n�f�o�r�c�e�d� �p�o�l�y�e�t�h�e�r�s�u�l�f�o�n�e� �(�P�E�S�)� �a�n�d� �P�E�E�K� �m�a�t�e�r�i�a�l�s� �a�l�o�n�g� �w�i�t�h� �a� �g�l�a�s�s� 

�f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �P�P�S� �m�a�t�e�r�i�a�l�.� �A�l�l� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �s�h�o�w�e�d� �l�i�t�t�l�e� �i�n�c�r�e�a�s�e� �i�n� �w�e�a�r� �w�i�t�h� 

� � 

� � � 

� � 

� � � � � � � � � � � � 

�X� �(�1�0�7�°�)� �x� �(�1�0�7�4�)� 

�L� �-�@� �P�P�S�/�G�L�A�S�S� �J� 

�g�+� �2� �P�E�E�K� �4�6� 
�L� �4� 

�W�E�A�R� �R�A�T�E� �4�+� �4� 
�(�m�m�2�n� �m�>� �4�.� �_� 

�2�+� �1�2� 
�.� 

�0� �5�0�.� �1�0�0� �1�5�0�2�0�0�.� �2�5�0� �3�0�0�°� 
�D�I�S�K� �T�E�M�P�E�R�A�T�U�R�E� �(�C�)� 

�F�I�G�U�R�E� �2�-�1�1�:� �V�A�R�I�A�T�I�O�N�S� �O�F� �T�H�E� �S�P�E�C�I�F�I�C� �W�E�A�R� �R�A�T�E�S� �W�I�T�H� �D�I�S�K� �T�E�M�P�E�R�A�T�U�R�E� 
�I�N� �T�H�E� �S�T�E�A�D�Y� �S�T�A�T�E�S� �O�F� �W�E�A�R� �O�F� �V�A�R�I�O�U�S� �P�O�L�Y�M�E�R�S�.� �[�8�1�]� 

�L�I�T�E�R�A�T�U�R�E� �R�E�V�I�E�W� �3�7



�t�e�m�p�e�r�a�t�u�r�e� �u�n�t�i�l� �a� �c�e�r�t�a�i�n� �"�c�r�i�t�i�c�a�l�"� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �r�e�a�c�h�e�d� �a�t� �w�h�i�c�h� �t�h�e� �w�e�a�r� �s�u�d�d�e�n�l�y� 

�i�n�c�r�e�a�s�e�d�.� �T�h�e�s�e� �c�r�i�t�i�c�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �t�h�e�r�m�a�l� �s�o�f�t�e�n�i�n�g� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� 

�a�n�d� �w�e�r�e� �s�o�m�e�w�h�a�t� �l�o�w�e�r� �t�h�a�n� �t�h�e� �c�r�y�s�t�a�l�l�i�n�e� �m�e�l�t�i�n�g� �p�o�i�n�t�s� �o�f� �t�h�e� �p�o�l�y�m�e�r�s�.� �H�o�w�e�v�e�r�,� 

�t�h�e� �t�r�u�e� �i�n�t�e�r�f�a�c�i�a�l� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �n�o�t� �a�c�t�u�a�l�l�y� �m�e�a�s�u�r�e�d�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �a�c�t�u�a�l� 

�t�e�m�p�e�r�a�t�u�r�e� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�a�s� �s�o�m�e�w�h�a�t� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �b�u�l�k� �t�e�m�p�e�r�a�t�u�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� 

�2�-�1�1� �[�8�1�]�.� 

�A�n�o�t�h�e�r� �a�p�p�r�o�a�c�h� �t�o� �t�h�e� �a�s�s�e�s�s�m�e�n�t� �o�f� �w�e�a�r� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� 

�t�o� �s�i�m�p�l�y� �o�b�s�e�r�v�e� �w�e�a�r� �r�a�t�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �v�e�l�o�c�i�t�y�.� �S�i�n�c�e� �h�i�g�h�e�r� 

�v�e�l�o�c�i�t�i�e�s� �c�o�r�r�e�s�p�o�n�d� �t�o� �h�i�g�h�e�r� �r�a�t�e�s� �o�f� �h�e�a�t� �g�e�n�e�r�a�t�i�o�n�,� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �a�s�s�e�s�s�e�d� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �h�i�g�h� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �b�y� �p�e�r�f�o�r�m�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �a�t� �h�i�g�h� �v�e�l�o�c�i�t�i�e�s�.� 

�A�n�d�e�r�s�o�n� �[�7�9�]� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�i�s� �i�d�e�a� �b�y� �a�r�g�u�i�n�g� �t�h�a�t� �t�y�p�i�c�a�l� �P�V� �l�i�m�i�t�s� �(�t�h�e� �p�r�o�d�u�c�t� �o�f� 

�b�e�a�r�i�n�g� �p�r�e�s�s�u�r�e� �a�n�d� �v�e�l�o�c�i�t�y�)� �s�p�e�c�i�f�i�e�d� �f�o�r� �b�e�a�r�i�n�g� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� �r�a�t�e� �o�f� 

�w�e�a�r� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� �P�V� �l�i�m�i�t�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �i�n� �c�o�m�m�e�r�c�i�a�l� 

�a�p�p�l�i�c�a�t�i�o�n�s� �t�o� �b�e� �t�h�e� �u�p�p�e�r� �b�o�u�n�d� �f�o�r� �t�h�e� �u�s�e�f�u�l� �o�p�e�r�a�t�i�o�n� �o�f� �b�e�a�r�i�n�g� �m�a�t�e�r�i�a�l�s�.� �S�i�n�c�e� 

�t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �i�s� �n�o�t� �d�i�r�e�c�t�l�y� �i�n�c�l�u�d�e�d� �i�n� �a� �P�V� �l�i�m�i�t� �s�p�e�c�i�f�i�c�a�t�i�o�n�,� �c�o�r�r�e�c�t�i�o�n� �f�a�c�t�o�r�s� �f�o�r� 

�P�V� �l�i�m�i�t�s� �b�a�s�e�d� �o�n� �d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �l�e�v�e�l�s� �a�r�e� �o�f�t�e�n� �s�p�e�c�i�f�i�e�d�.� �D�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� 

�t�h�i�s� �c�a�n� �c�o�m�p�l�i�c�a�t�e� �m�a�t�t�e�r�s�,� �A�n�d�e�r�s�o�n� �h�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �p�r�o�d�u�c�t� �o�f� �b�e�a�r�i�n�g� �p�r�e�s�s�u�r�e� 

�a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �(�P�T� �l�i�m�i�t�)� �b�e� �u�s�e�d� �i�n� �l�i�e�u� �o�f� �a� �P�V� �l�i�m�i�t�.� 

�T�h�e� �i�d�e�a�l�i�z�e�d� �p�r�e�s�s�u�r�e�,� �t�e�m�p�e�r�a�t�u�r�e�,� �w�e�a�r� �r�a�t�e� �c�u�r�v�e� �g�i�v�e�n� �b�y� �A�n�d�e�r�s�o�n� �[�7�9�]� �i�s� 

�s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�2�.� �I�t� �s�i�m�p�l�y� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �f�u�n�c�t�i�o�n�a�l�i�t�y� �o�f� �w�e�a�r� �r�a�t�e� �w�i�t�h� �p�r�e�s�s�u�r�e� 

�a�n�d� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �i�s� �t�h�e�o�r�e�t�i�c�a�l�l�y� �a� �b�e�t�t�e�r� �e�s�t�i�m�a�t�e� �f�o�r� �t�h�e� �l�i�f�e� �o�f� �a� �b�e�a�r�i�n�g�.� �H�o�w�e�v�e�r�,� 

�s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �d�i�f�f�i�c�u�l�t� �t�o� �m�e�a�s�u�r�e� �w�h�i�c�h� �i�s� �w�h�y� �m�o�s�t� �c�o�m�p�o�s�i�t�e� �b�e�a�r�i�n�g� 
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�m�a�t�e�r�i�a�l� �m�a�n�u�f�a�c�t�u�r�e�r�s� �s�t�i�l�l� �s�p�e�c�i�f�y� 

�_� �S�t�r�e�s�s� �l�i�m�i�t�  �� �P�V� �l�i�m�i�t�s� �i�n� �l�i�e�u� �o�f� �P�T� �l�i�m�i�t�s�.� 
�(�t�h�i�n� �l�a�y�e�r� �m�a�t�e�r�i�a�l�s�)� 

�/� �T�h�e� �e�f�f�e�c�t� �o�f� �v�e�l�o�c�i�t�y� �o�n� �w�e�a�r� 

�C�r�e�e�p� �l�i�m�i�t� � � � � � �r�a�t�e� �h�a�s� �a�l�s�o� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� 

�T�a�n�a�k�a� �[�3�9�]�.� �I�n� �t�h�i�s� �w�o�r�k�,� �g�l�a�s�s� 

�a�n�d� �c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �o�f� 

�P�T�F�E� �a�n�d� �a�c�e�t�a�l� �w�e�r�e� �r�u�b�b�e�d� 

�a�g�a�i�n�s�t� �s�t�e�e�l� �a�n�d� �g�l�a�s�s� �d�i�s�k�s� �a�t� 

�v�a�r�i�o�u�s� �s�l�i�d�i�n�g� �s�p�e�e�d�s�.� �T�h�e� 

� � � �I�n�c�r�e�a�s�i�n�g� 
�s�p�e�c�i�f�i�c� �w�e�a�r� 
�r�a�t�e�,� �k� 
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�m�e�a�s�u�r�e�m�e�n�t� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� 

� � � � 

� � � 

� � 

�w�a�s� �n�o�t� �a�t�t�e�m�p�t�e�d�;� �h�o�w�e�v�e�r�,� �t�h�e� 

�K�o� �.� �a�c�t�i�o�n� �o�f� �f�r�i�c�t�i�o�n�a�l�l�y� �g�e�n�e�r�a�t�e�d� �r�e�g�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �a�t� �h�i�g�h� � � 
� � 

�T�e�m�p�e�r�a�t�u�r�e�,� �T� �4� �.� 
�P� �s�l�i�d�i�n�g� �s�p�e�e�d�s� �w�a�s� �g�i�v�e�n� �a�s� �a� 

�F�I�G�U�R�E� �2�-�1�2�:� �I�D�E�A�L�I�Z�E�D� �P�R�E�S�S�U�R�E�-�T�E�M�P�E�R�A�T�U�R�E� 
�-�W�E�A�R� �R�A�T�E� �C�U�R�V�E� �F�O�R� �P�O�L�Y�M�E�R�S� 
�A�N�D� �P�O�L�Y�M�E�R� �C�O�M�P�O�S�I�T�E�S� �[�7�9�]� 

�p�o�s�s�i�b�l�e� �r�e�a�s�o�n� �f�o�r� �a�n� �i�n�c�r�e�a�s�e� �i�n� 

�w�e�a�r�.� 

�R�e�s�u�l�t�s� �f�r�o�m� �T�a�n�a�k�a�'�s� �w�o�r�k� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �2�-�1�3� �a�n�d� �2�-�1�4� �f�o�r� �t�h�e� �g�l�a�s�s� �a�n�d� �s�t�e�e�l� 

�d�i�s�k� �e�x�p�e�r�i�m�e�n�t�s� �[�3�9�]�.� �F�o�r� �t�h�e� �P�T�F�E� �c�o�m�p�o�s�i�t�e�s�,� �i�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �m�a�t�r�i�x� �p�l�a�y�s� 

�a� �m�o�r�e� �s�i�g�n�i�f�i�c�a�n�t� �r�o�l�e� �t�h�a�n� �t�h�e� �f�i�b�e�r�s�,� �e�s�p�e�c�i�a�l�l�y� �w�h�e�n� �t�h�e� �s�t�e�e�l� �d�i�s�k� �w�a�s� �u�s�e�d� �a�s� �a� 

�c�o�u�n�t�e�r�f�a�c�e�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�4�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �a� �P�T�F�E�/�g�l�a�s�s� �f�i�b�e�r� �a�n�d� 

�P�T�F�E�/�c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e� �w�a�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�.� �T�h�i�s� �i�n�s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �w�a�s� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �a�b�i�l�i�t�y� �o�f� �P�T�F�E� �t�o� �f�o�r�m� �f�i�l�m�s� �m�o�r�e� �r�e�a�d�i�l�y�.� �F�o�r� �t�h�e� �a�c�e�t�a�l� �c�o�m�p�o�s�i�t�e�s�,� 
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�t�h�e� �a�d�d�i�t�i�o�n� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �t�e�n�d�e�d� �t�o� 

�r�e�d�u�c�e� �w�e�a�r� �m�o�r�e� �t�h�a�n� �t�h�e� �g�l�a�s�s� �f�i�b�e�r�s� 

�r�e�g�a�r�d�l�e�s�s� �o�f� �c�o�u�n�t�e�r�s�u�r�f�a�c�e� �m�a�t�e�r�i�a�l�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �T�a�n�a�k�a� �s�t�a�t�e�s� �t�h�a�t� �s�i�n�c�e� 

�t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� �g�l�a�s�s� �f�i�b�e�r�s� �i�s� 

�l�o�w�e�r� �t�h�a�n� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� 

�c�a�r�b�o�n� �f�i�b�e�r�s�,� �a�n� �a�c�e�t�a�l� �/�c�a�r�b�o�n� �f�i�b�e�r� 

�c�o�m�p�o�s�i�t�e� �i�s� �b�e�t�t�e�r� �a�t� �d�i�s�s�i�p�a�t�i�n�g� 

�e�n�e�r�g�y� �a�w�a�y� �f�r�o�m� �t�h�e� �i�n�t�e�r�f�a�c�e� �t�h�a�n� 

�a�n� �a�c�e�t�a�l�/�g�l�a�s�s� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�.� �A�l�s�o�,� 

�a�t� �h�i�g�h�e�r� �w�e�a�r� �r�a�t�e�s�,� �t�h�e� �a�c�e�t�a�l�/�g�l�a�s�s� 

�f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �s�h�o�w�e�d� �m�o�r�e� 

�e�v�i�d�e�n�c�e� �o�f� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� 

�t�h�a�n� �t�h�e� �a�c�e�t�a�l�/�c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� 

�d�u�e� �t�o� �h�i�g�h�e�r� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

�T�a�n�a�k�a� �s�t�a�t�e�s� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�i�n�g� �l�i�q�u�i�d� 

�a�n�d� �g�a�s�e�o�u�s� �p�r�o�d�u�c�t�s� �s�e�r�v�e�d� �a�s� 

�l�u�b�r�i�c�a�t�i�n�g� �a�g�e�n�t�s� �[�3�9�]�.� 

�T�h�e� �n�o�n�l�i�n�e�a�r� �t�r�e�n�d� �f�o�r� �t�h�e� 

�a�c�e�t�a�l�/�c�a�r�b�o�n� �f�i�b�e�r� �-� �o�n� �-�_� �g�l�a�s�s� 

�e�x�p�e�r�i�m�e�n�t� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�3� 

�r�e�p�r�e�s�e�n�t�s� �a�n� �i�n�t�e�r�e�s�t�i�n�g� �t�r�e�n�d� �s�i�m�i�l�a�r� 
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�W�I�T�H� �S�L�I�D�I�N�G� �S�P�E�E�D� �F�O�R� �V�A�R�I�O�U�S� �F�I�L�L�E�D� 
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�t�o� �t�h�a�t� �o�b�s�e�r�v�e�d� �b�y� �T�r�i�p�a�t�h�y� �a�n�d� �F�u�r�e�y� �[�2�6�-�2�8�]� �f�o�r� �g�r�a�p�h�i�t�e�/�e�p�o�x�y�.� �A�s� �s�l�i�d�i�n�g� �s�p�e�e�d� �w�a�s� 

�i�n�c�r�e�a�s�e�d�,� �t�h�e� �w�e�a�r� �r�a�t�e� �i�n�i�t�i�a�l�l�y� �d�e�c�r�e�a�s�e�d� �t�o� �a� �r�e�l�a�t�i�v�e� �m�i�n�i�m�u�m�,� �t�h�e�n� �i�n�c�r�e�a�s�e�d� �a�g�a�i�n� 

�i�n� �a� �m�a�n�n�e�r� �p�r�e�d�i�c�t�e�d� �b�y� �L�h�y�m�n� �a�n�d� �L�i�g�h�t� �[�4�0�]�.� �I�n� �t�h�e�i�r� �w�o�r�k�,� �L�h�y�m�n� �a�n�d� �L�i�g�h�t� �u�t�i�l�i�z�e�d� 

�a� �r�a�t�h�e�r� �c�o�m�p�l�i�c�a�t�e�d� �f�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �a�p�p�r�o�a�c�h� �r�e�s�u�l�t�i�n�g� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n� �f�o�r� 

�w�e�a�r� �r�a�t�e�:� 

�=� �l�  ��¢� �2�.� �w� �A�@�)�|�7�,� �b�e�l� �|� �(�2�.�7�)� 
�w�h�e�r�e�,� 

�B� �=� �a�/�M� 

�a� �=� �a� �s�c�a�l�i�n�g� �c�o�e�f�f�i�c�i�e�n�t� 

�M� �=� �e�x�p�o�n�e�n�t� �o�f� �l�o�g�a�r�i�t�h�m�i�c� �c�u�r�v�e�s� �f�o�r� �l�o�n�g� �t�e�r�m� �s�t�r�e�n�g�t�h� �o�f� �f�i�b�e�r�s� 

�V�,� �=� �s�l�i�d�i�n�g� �v�e�l�o�c�i�t�y� 

�C� �=� �a� �c�o�n�s�t�a�n�t� 

�T� �=� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� 

�A�t� �l�o�w� �s�p�e�e�d�s�,� �t�h�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �l�o�w� �a�n�d� �E�q�.� �2�.�7� �c�a�n� �b�e� �s�i�m�p�l�i�f�i�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�W� �=�A�,� �L�y� �|� �(�2�.�8�)� 

�w�h�e�r�e�,� 

�A�,� �=� �a� �c�o�n�s�t�a�n�t� 

�L�h�y�m�n� �a�l�s�o� �s�t�a�t�e�s� �t�h�a�t� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �c�a�n� �b�e� �r�e�g�a�r�d�e�d� �a�s� �e�i�t�h�e�r� �a� �l�i�n�e�a�r� �o�r� �p�a�r�a�b�o�l�i�c� 

�f�u�n�c�t�i�o�n� �o�f� �s�l�i�d�i�n�g� �v�e�l�o�c�i�t�y�.� �T�h�e�r�e�f�o�r�e�,� �E�q�.� �2�.�7� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �v�e�l�o�c�i�t�y� 

�a�n�d� �c�o�n�s�t�a�n�t�s� �A�,� �,� �a�n�d� �C�,� �o�n�l�y�:� 
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� � 

� � � � 

�W� �=� �a�l�y� �b�s�p� �&� �(�2�.�9�)� 
�V�,� �V�v�. �� 

�w�h�e�r�e�,� 

�m� �=� �e�i�t�h�e�r� �1� �o�r� �2� �d�e�p�e�n�d�i�n�g� �o�n� �w�h�e�t�h�e�r� �a� �l�i�n�e�a�r� �o�r� �p�a�r�a�b�o�l�i�c� �a�s�s�u�m�p�t�i�o�n� �i�s� �m�a�d�e�.� 

�B�y� �p�l�o�t�t�i�n�g� �E�q�.� �2�.�9�,� 
�(�W�g�)� 

�W�E�A�R� �L�h�y�m�n� �[�4�0�]� �o�b�t�a�i�n�s� �t�h�e� 

�|� �L�O�W� �V�E�L�O�C�I�T�Y� �H�I�G�H� �V�E�L�O�C�I�T�Y� �R�E�G�I�O�N� �t�h�e�o�r�e�t�i�c�a�l� �c�u�r�v�e� �s�h�o�w�n� �i�n� 
�R�E�G�I�O�N� 

 �� �S�O�L�I�D�/�S�O�L�I�D� �C�O�N�T�A�C�T� �F�i�g�.� �2�-�1�5�.� �N�o�t�e� �t�h�a�t� �t�h�e� 

�S�O�L�I�D�/�L�I�Q�U�I�D� �C�O�N�T�A�C�T� �t�r�e�n�d� �s�h�o�w�n� �i�n� �t�h�i�s� �c�u�r�v�e� �i�s� � � � � 
�s�i�m�i�l�a�r� �t�o� �t�h�e� �t�r�e�n�d� �o�b�t�a�i�n�e�d� 

 ��s� �S�L�I�D�I�N�G� �V�E�L�O�C�I�T�Y� �(�V�5�)� 

�F�I�G�U�R�E� �2�-�1�5�:� �T�H�E�O�R�E�T�I�C�A�L� �C�U�R�V�E� �O�F� �T�H�E� �S�P�E�C�I�F�I�C� �W�E�A�R� �L�o�o�,� 
�R�A�T�E� �V�E�R�S�U�S� �S�L�I�D�I�N�G� �V�E�L�O�C�I�T�Y� �[�4�0�]� �b�y� �T�a�n�a�k�a� �[�3�9�]� �i�n� �F�i�g�.� �2�-�1�3� 

�f�o�r� �a�c�e�t�a�l�/�c�a�r�b�o�n� �f�i�b�e�r� �-� �o�n� �-� �g�l�a�s�s�.� �L�h�y�m�n� �e�x�p�l�a�i�n�s� �t�h�e� �t�r�e�n�d� �d�i�c�t�a�t�e�d� �b�y� �E�q�.� �2�.�9� �a�s� 

�f�o�l�l�o�w�s� �[�4�0�]�:� 

�1�.� �W�h�e�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �a�t� �t�h�e� �c�o�n�t�a�c�t� �s�p�o�t� �i�s� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�,� �s�u�c�h� �t�h�a�t� �t�h�e� 

�f�r�i�c�t�i�o�n�a�l� �s�t�r�e�s�s� �i�s� �n�o�t� �t�h�e�r�m�a�l�l�y� �a�c�t�i�v�a�t�e�d�,� �t�h�e� �w�e�a�r� �r�a�t�e� �i�s� �i�n�v�e�r�s�e�l�y� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� 

�t�h�e� �s�l�i�d�i�n�g� �v�e�l�o�c�i�t�y�.� �T�h�i�s� �i�s� �t�h�e� �c�a�s�e� �w�h�e�n� �V�,� �i�s� �r�e�l�a�t�i�v�e�l�y� �s�m�a�l�l�.� 

�2�.� �W�h�e�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �b�e�c�o�m�e�s� �s�i�g�n�i�f�i�c�a�n�t�,� �s�o� �t�h�a�t� �a� �d�e�f�o�r�m�a�t�i�o�n�-� �f�r�i�c�t�i�o�n�a�l� �w�e�a�r� 

�p�r�o�c�e�s�s� �c�a�n� �b�e� �t�h�e�r�m�a�l�l�y� �a�c�t�i�v�a�t�e�d�,� �t�h�e�n� �t�h�e� �l�a�t�t�e�r� �e�x�p�o�n�e�n�t�i�a�l� �t�e�r�m� �e�x�p�(�C�,� �/� �V�, ��)� 

�d�o�m�i�n�a�t�e�s� �t�h�e� �w�e�a�r� �r�a�t�e�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �w�e�a�r� �r�a�t�e� �i�n�c�r�e�a�s�e�s� �a�s� �t�h�e� �s�l�i�d�i�n�g� �v�e�l�o�c�i�t�y� 

�i�n�c�r�e�a�s�e�s�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �t�r�e�n�d� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�5� �o�b�v�i�o�u�s�l�y� �d�o�e�s� �n�o�t� �r�e�p�r�e�s�e�n�t� �a�n� �a�l�l� �e�n�c�o�m�p�a�s�s�i�n�g� 
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�p�r�e�d�i�c�t�i�v�e� �t�o�o�l� �f�o�r� �t�h�e� �w�e�a�r� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s�,� �i�t� �d�o�e�s� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� �i�m�p�o�r�t�a�n�c�e� 

�o�f� �c�o�n�s�i�d�e�r�i�n�g� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �a� �f�a�c�t�o�r� �i�n� �t�h�e� �w�e�a�r� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s�.� 

�2�.�2�.�3� �R�e�s�e�a�r�c�h� �t�h�a�t� �C�o�n�s�i�d�e�r�s� �S�u�r�f�a�c�e� �T�e�m�p�e�r�a�t�u�r�e� �E�f�f�e�c�t�s� �i�n� �t�h�e� 
�D�e�s�i�g�n� �o�f� �P�o�l�y�m�e�r� �C�o�m�p�o�s�i�t�e�s� 

�2�.�2�.�3�.�a� �T�r�a�n�s�f�e�r� �F�i�l�m� �F�o�r�m�a�t�i�o�n� 

�A�l�t�h�o�u�g�h� �o�t�h�e�r� �f�a�c�t�o�r�s� �a�f�f�e�c�t� �t�h�e� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s�,� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �a� �t�r�a�n�s�f�e�r� �f�i�l�m� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �m�a�t�e�r�i�a�l�s� �r�e�p�r�e�s�e�n�t�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e� �a�t� 

�t�h�e� �i�n�t�e�r�f�a�c�e�.� �T�h�i�s� �t�r�a�n�s�f�e�r� �f�i�l�m� �i�s� �s�o�m�e�t�i�m�e�s� �c�a�l�l�e�d� �a� �"�t�h�i�r�d�"� �b�o�d�y� �s�i�n�c�e� �i�t� �o�f�t�e�n� �h�a�s� 

�p�r�o�p�e�r�t�i�e�s� �t�h�a�t� �a�r�e� �u�n�c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �e�i�t�h�e�r� �o�f� �t�h�e� �t�w�o� �r�u�b�b�i�n�g� �b�o�d�i�e�s�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�a� �t�r�a�n�s�f�e�r� �f�i�l�m� �u�s�u�a�l�l�y� �r�e�s�u�l�t�s� �i�n� �a� �d�e�c�r�e�a�s�e� �i�n� �f�r�i�c�t�i�o�n� �a�n�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �w�e�a�r� �r�e�s�i�s�t�a�n�c�e�,� 

�a�l�t�h�o�u�g�h� �t�h�i�s� �i�s� �n�o�t� �a�l�w�a�y�s� �t�h�e� �c�a�s�e�.� �T�h�e� �e�f�f�e�c�t� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �f�o�r�m�a�t�i�o�n� 

�(�o�r� �r�e�m�o�v�a�l�)� �o�f� �t�r�a�n�s�f�e�r� �f�i�l�m�s� �h�a�s� �a�l�r�e�a�d�y� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �t�h�e� �s�u�m�m�a�r�y� �o�f� �G�i�l�t�r�o�w�'�s� 

�r�e�s�e�a�r�c�h� �[�8�0�]� �w�i�t�h� �c�a�r�b�o�n� �f�i�b�e�r�-�f�i�l�l�e�d� �p�o�l�y�i�m�i�d�e�s�.� �R�e�c�a�l�l� �t�h�a�t� �a�n� �i�n�c�r�e�a�s�e� �i�n� �w�e�a�r� �w�a�s� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �r�e�m�o�v�a�l� �o�f� �a� �t�r�a�n�s�f�e�r� �f�i�l�m� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s�.� �S�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e�s� 

�c�a�n� �a�l�s�o� �h�a�v�e� �t�h�e� �o�p�p�o�s�i�t�e� �e�f�f�e�c�t� �a�n�d� �c�a�u�s�e� �a� �w�e�a�r� �r�e�s�i�s�t�a�n�t� �t�r�a�n�s�f�e�r� �f�i�l�m� �t�o� �f�o�r�m� �b�y� 

�m�e�l�t�i�n�g� �o�f� �t�h�e� �p�o�l�y�m�e�r� �m�a�t�r�i�x� �o�r� �f�i�b�e�r�s�.� �T�a�n�a�k�a� �[�3�9�]� �h�a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �g�l�a�s�s� �a�n�d� 

�c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s� �o�f� �a�c�e�t�a�l� �f�o�r�m� �f�i�b�e�r�-�r�i�c�h� �s�u�r�f�a�c�e�s� �w�h�e�n� �r�u�b�b�e�d� �a�g�a�i�n�s�t� �g�l�a�s�s� �o�r� 

�s�t�e�e�l�.� �T�h�e�s�e� �f�i�b�e�r�-�r�i�c�h� �s�u�r�f�a�c�e�s� �a�r�e� �d�u�e� �t�o� �t�h�e� �m�e�l�t�i�n�g� �o�f� �t�h�e� �p�o�l�y�m�e�r� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� 

�l�e�a�v�i�n�g� �t�h�e� �m�o�r�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�i�s�t�a�n�t� �f�i�b�e�r�s�.� �T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �f�i�b�e�r�-�r�i�c�h� �l�a�y�e�r�s� �p�l�a�y�s� 

�a� �v�i�t�a�l� �r�o�l�e� �i�n� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �w�e�a�r� �r�e�d�u�c�i�n�g� �a�c�t�i�o�n� �o�f� �t�h�e� �i�n�c�o�r�p�o�r�a�t�e�d� �f�i�b�e�r�s�.� �T�h�e� 

�p�r�e�s�e�n�c�e� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �g�r�e�a�t�l�y� �r�e�d�u�c�e�s� �t�h�e� �w�e�a�r� �a�t� �h�i�g�h� �s�l�i�d�i�n�g� �s�p�e�e�d�s� 
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�a�s� �s�h�o�w�n� �i�n� �F�i�g�s�.� �2�-�1�3� �a�n�d� �2�-�1�4� �f�o�r� �a�c�e�t�a�l�/�c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�s�.� 

�D�u�r�i�n�g� �i�t�s� �f�o�r�m�a�t�i�o�n�,� �a� �t�r�a�n�s�f�e�r� �f�i�l�m� �s�o�m�e�t�i�m�e�s� �r�e�a�c�t�s� �w�i�t�h� �e�i�t�h�e�r� �o�r� �b�o�t�h� �o�f� �t�h�e� 

�m�a�t�e�r�i�a�l�s�.� �T�h�i�s� �r�e�a�c�t�i�o�n� �p�r�o�c�e�s�s� �i�s� �e�x�t�r�e�m�e�l�y� �i�m�p�o�r�t�a�n�t� �i�f� �t�h�e� �t�r�a�n�s�f�e�r� �f�i�l�m� �i�s� �t�o� �b�e� 

�m�a�i�n�t�a�i�n�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�,� �C�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �a�r�e� �o�f�t�e�n� �d�e�s�i�g�n�e�d� �f�o�r� �j�u�s�t� �t�h�i�s� �p�u�r�p�o�s�e�.� 

�A�n� �e�x�a�m�p�l�e� �o�f� �t�h�i�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �t�h�e� �r�e�s�e�a�r�c�h� �s�u�m�m�a�r�i�z�e�d� �b�y� �B�r�i�s�c�o�e� �e�t�.� �a�l� �[�4�4�]�.� �T�o� 

�e�n�h�a�n�c�e� �t�h�e� �a�d�h�e�r�e�n�c�e� �o�f� �h�i�g�h� �d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e� �t�r�a�n�s�f�e�r� �f�i�l�m�s� �t�o� �s�t�e�e�l� �c�o�u�n�t�e�r�f�a�c�e�s� 

�d�u�r�i�n�g� �t�h�e� �r�u�b�b�i�n�g� �p�r�o�c�e�s�s�,� �f�i�l�l�e�r�s� �s�u�c�h� �a�s� �P�b�,�O�,� �a�n�d� �C�u�O� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �m�a�t�r�i�x� 

�m�a�t�e�r�i�a�l�.� �A�t� �l�o�w� �v�e�l�o�c�i�t�i�e�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e�s� �c�o�u�l�d� �b�e� �s�e�e�n� �b�e�t�w�e�e�n� �f�i�l�l�e�d� �a�n�d� 

�u�n�f�i�l�l�e�d� �h�i�g�h� �d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e�.� �H�o�w�e�v�e�r�,� �a�t� �h�i�g�h� �s�p�e�e�d�s�,� �f�r�i�c�t�i�o�n�a�l�l�y� �g�e�n�e�r�a�t�e�d� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�e�r�e� �h�i�g�h� �e�n�o�u�g�h� �t�o� �c�a�u�s�e� �a�d�h�e�r�e�n�t� �l�e�a�d� �o�r� �c�o�p�p�e�r� �o�x�i�d�e� 

�f�i�l�m�s� �t�o� �f�o�r�m� �o�n� �t�h�e� �s�t�e�e�l� �c�o�u�n�t�e�r�f�a�c�e�.� �T�h�i�s� �f�i�l�m� �d�i�d� �n�o�t� �f�o�r�m� �w�h�e�n� �t�h�e� �u�n�f�i�l�l�e�d� �m�a�t�e�r�i�a�l� 

�w�a�s� �u�s�e�d�,� �a�n�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �f�i�l�m� �w�h�e�n� �f�i�l�l�e�d� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �u�s�e�d� �c�a�u�s�e�d� �a� 

�s�i�g�n�i�f�i�c�a�n�t� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e� �[�4�4�]�.� 

�B�r�i�s�c�o�e� �[�3�8�]� �h�a�s� �a�l�s�o� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�a�d�d�i�t�i�v�e�s� �i�n�t�o� �p�o�l�y�m�e�r�s� �i�m�p�r�o�v�e�s� �t�h�e� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �m�a�t�e�r�i�a�l�s�.� 

�F�o�r� �i�n�s�t�a�n�c�e�,� �w�h�e�n� �0�.�5�%� �o�l�e�a�m�i�d�e� �w�a�s� �a�d�d�e�d� �t�o� �l�o�w� �d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e�,� �t�h�e� �f�r�i�c�t�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �d�e�c�r�e�a�s�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �w�h�e�n� �s�t�e�e�l� �w�a�s� 

�u�s�e�d� �a�s� �a� �c�o�u�n�t�e�r�f�a�c�e�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �b�y� �B�r�i�s�c�o�e� �[�3�8�]� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �a�m�i�d�e� �d�i�f�f�u�s�e�d� �t�o� 

�t�h�e� �s�u�r�f�a�c�e� �t�o� �p�r�o�v�i�d�e� �a� �l�u�b�r�i�c�a�t�i�n�g� �l�a�y�e�r�.� �T�h�i�s� �l�a�y�e�r� �p�r�o�v�i�d�e�d� �a� �d�e�c�r�e�a�s�e� �i�n� �f�r�i�c�t�i�o�n� �a�s� 

�a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�o�p�o�g�r�a�p�h�y� �o�f� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e� �k�e�y� �t�o� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� 

�a�m�i�d�e� �t�o� �d�i�f�f�u�s�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �i�t�s� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �w�h�i�c�h� �a�l�l�o�w�e�d� �i�t� �t�o� 

�d�i�f�f�u�s�e� �t�o� �t�h�e� �s�u�r�f�a�c�e� �w�h�e�n� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �e�n�e�r�g�y� �w�a�s� �i�n�c�r�e�a�s�e�d� �b�y� �f�r�i�c�t�i�o�n�a�l� �p�r�o�c�e�s�s�e�s� 
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�[�3�8�]�.� �T�h�i�s� �p�r�o�c�e�s�s� �o�f� �d�i�f�f�u�s�i�o�n� �a�l�s�o� �o�c�c�u�r�r�e�d� �i�f� �s�i�l�i�c�o�n�e� �w�a�s� �u�s�e�d� �i�n� �l�i�e�u� �o�f� �a�n� �a�m�i�d�e�;� 

�a�l�t�h�o�u�g�h� �t�h�e� �r�a�t�e� �o�f� �d�i�f�f�u�s�i�o�n� �w�a�s� �s�o�m�e�w�h�a�t� �a�t�t�e�n�u�a�t�e�d� �[�3�8�]�.� �W�h�e�n� �h�i�g�h� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �a�d�d�i�t�i�v�e�s� �s�u�c�h� �a�s� �h�y�d�r�o�c�a�r�b�o�n� �o�i�l�s� �w�e�r�e� �a�d�d�e�d� �t�o� �p�o�l�y�m�e�r� �m�a�t�r�i�c�e�s�,� �t�h�e� �f�l�u�i�d� 

�s�e�p�a�r�a�t�e�d� �i�n� �t�h�e� �m�a�t�r�i�x� �a�s� �m�i�c�r�o�d�r�o�p�s�.� �T�h�e�s�e� �f�l�u�i�d�s� �w�e�r�e� �i�m�m�o�b�i�l�e� �a�n�d� �w�e�r�e� �o�n�l�y� �u�s�e�f�u�l� 

�a�s� �l�u�b�r�i�c�a�n�t�s� �i�f� �t�h�e� �p�o�c�k�e�t�s� �o�f� �o�i�l� �w�e�r�e� �b�r�o�k�e�n� �d�u�e� �t�o� �w�e�a�r� �o�f� �t�h�e� �p�o�l�y�m�e�r� �m�a�t�r�i�x� �[�3�8�]�.� 

�2�.�2�.�3�.�b� �H�e�a�t� �D�i�s�s�i�p�a�t�i�o�n� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� 

�A�n� �u�n�d�e�r�l�y�i�n�g� �t�h�e�m�e� �i�n� �t�h�e� �d�e�s�i�g�n� �o�f� �m�a�n�y� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �f�o�r� �f�r�i�c�t�i�o�n� �a�n�d� 

�w�e�a�r� �a�p�p�l�i�c�a�t�i�o�n�s� �i�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �d�i�s�s�i�p�a�t�e� �h�e�a�t� �f�r�o�m� �t�h�e� �i�n�t�e�r�f�a�c�e� �a�n�d� �r�e�d�u�c�e� �t�h�e� �s�u�r�f�a�c�e� 

�t�e�m�p�e�r�a�t�u�r�e�.� �A�l�t�h�o�u�g�h� �s�o�p�h�i�s�t�i�c�a�t�e�d� �n�u�m�e�r�i�c�a�l� �p�r�o�c�e�d�u�r�e�s� �h�a�v�e� �r�e�c�e�n�t�l�y� �b�e�e�n� �d�e�v�e�l�o�p�e�d� 

�t�o� �p�r�e�d�i�c�t� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �w�h�e�n� �t�w�o� �m�a�t�e�r�i�a�l�s� �a�r�e� �r�u�b�b�e�d� �t�o�g�e�t�h�e�r� �[�3�1�-�3�4�]�,� �t�h�e� �s�i�m�p�l�e� 

�m�o�d�e�l� �p�r�e�s�e�n�t�e�d� �b�y� �B�l�o�k� �i�n� �1�9�3�7� �[�7�3�]� �i�s� �a�d�e�q�u�a�t�e� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� �v�a�r�y�i�n�g� 

�t�h�e� �t�h�e�r�m�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �t�r�i�b�o�l�o�g�i�c�a�l� �p�a�i�r�.� �T�h�i�s� �m�o�d�e�l� �i�s� �s�h�o�w�n� �b�e�l�o�w� �a�n�d� �c�o�n�s�i�d�e�r�s� 

�a� �h�e�a�t� �s�o�u�r�c�e� �o�f� �i�n�t�e�n�s�i�t�y� �Q� �i�n� �W�/�m �� �t�r�a�v�e�l�l�i�n�g� �o�v�e�r� �a� �h�a�l�f�-�s�p�a�c�e�:� 

� � �A�T� �=� �2�0� �k�b�s� �(�2�.�1�0�)� 
�w�h�e�r�e�,� 

�t� �=� �t�i�m�e� �f�o�r� �w�h�i�c�h� �s�o�u�r�c�e� �h�a�s� �m�o�v�e�d� �o�v�e�r� �a� �p�o�i�n�t� �o�f� �c�o�n�c�e�r�n� �(�¢� �=� �B�/�V�)� 

�B� �=� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �h�e�a�t� �s�o�u�r�c�e� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �s�l�i�d�i�n�g� 

�V� �=� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �h�e�a�t� �s�o�u�r�c�e� 

�A�T� �=� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� 

�Q� �=� �i�n�t�e�n�s�i�t�y� �o�f� �h�e�a�t� �s�o�u�r�c�e� �i�n� �W�/�m�?� 

�k� �=� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� 
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�)� �d�e�n�s�i�t�y� 

�C�c� �s�p�e�c�i�f�i�c� �h�e�a�t� 

�E�q�u�a�t�i�o�n� �2�.�1�0� �s�h�o�w�s� �t�h�a�t� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y�,� �d�e�n�s�i�t�y�,� �a�n�d�/�o�r� �s�p�e�c�i�f�i�c� 

�h�e�a�t� �r�e�d�u�c�e�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� �F�u�r�t�h�e�r�m�o�r�e�,� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �r�e�a�l� �a�r�e�a� 

�o�f� �c�o�n�t�a�c�t� �a�l�s�o� �d�e�c�r�e�a�s�e�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �s�i�n�c�e� �t�h�e�r�e� �i�s� �m�o�r�e� �a�r�e�a� �f�o�r� �t�h�e� �h�e�a�t� �t�o� 

�d�i�s�s�i�p�a�t�e�.� �O�n�e� �m�u�s�t� �a�l�s�o� �c�o�n�s�i�d�e�r� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �i�n�t�e�r�a�c�t�i�o�n� �o�f� �c�o�n�t�a�c�t� �a�r�e�a�s� �a�s� 

�d�i�s�c�u�s�s�e�d� �b�y� �F�u�r�e�y� �e�t�.� �a�l� �[�2�4�]�.� 

�T�a�n�a�k�a� �[�3�9�]� �h�a�s� �a�l�r�e�a�d�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �c�a�r�b�o�n� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �a�c�e�t�a�l� �r�e�d�u�c�e�s� �w�e�a�r� 

�m�o�r�e� �t�h�a�n� �g�l�a�s�s� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� �a�c�e�t�a�l�.� �S�i�n�c�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �h�a�v�e� �a� �h�i�g�h�e�r� �c�o�n�d�u�c�t�i�v�i�t�y� 

�t�h�a�n� �g�l�a�s�s� �f�i�b�e�r�s�,� �E�q�.� �2�.�1�0� �s�h�o�w�s� �t�h�a�t� �t�h�e� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �i�s� �p�r�e�d�i�c�t�e�d� �t�o� �b�e� �l�e�s�s� 

�f�o�r� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�.� �T�a�n�a�k�a� �[�3�9�]� �s�u�g�g�e�s�t�s� �t�h�a�t� �t�h�i�s� �t�h�e�o�r�e�t�i�c�a�l� �d�i�f�f�e�r�e�n�c�e� �i�n� 

�s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �t�h�e� �r�e�a�s�o�n� �w�h�y� �w�e�a�r� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e� �i�s� �l�o�w�e�r� �t�h�a�n� 

�w�e�a�r� �o�f� �t�h�e� �g�l�a�s�s� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e�.� �O�t�h�e�r� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�y� �a�d�d�i�t�i�v�e�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �a�d�d�e�d� 

�t�o� �p�o�l�y�m�e�r� �m�a�t�r�i�c�e�s� �t�o� �a�i�d� �i�n� �t�h�e� �d�i�s�s�i�p�a�t�i�o�n� �o�f� �h�e�a�t�.� �T�h�e�s�e� �a�d�d�i�t�i�v�e�s� �i�n�c�l�u�d�e� �b�u�t� �a�r�e� �n�o�t� 

�l�i�m�i�t�e�d� �t�o� �c�o�p�p�e�r�,� �s�i�l�v�e�r�,� �g�r�a�p�h�i�t�e�,� �a�n�d� �c�o�k�e� �f�l�o�u�r� �[�8�2�]�.� 

�T�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �p�a�r�t�i�c�l�e�s� �a�n�d� �f�i�b�e�r�s� �i�s� �a�l�s�o� �i�m�p�o�r�t�a�n�t� �a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� �L�a�n�c�a�s�t�e�r� 

�[�3�7�]� �i�n� �F�i�g�.� �2�-�1�6�.� �T�h�i�s� �f�i�g�u�r�e� �s�h�o�w�s� �t�h�e� �w�e�a�r� �v�o�l�u�m�e� �o�f� �c�a�r�b�o�n� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�d� 

�p�o�l�y�e�s�t�e�r� �r�e�s�i�n�s� �s�l�i�d�i�n�g� �o�n� �t�o�o�l� �s�t�e�e�l�.� �T�h�e� �f�i�b�e�r�s� �w�e�r�e� �o�r�i�e�n�t�e�d� �i�n� �t�h�e� �d�i�r�e�c�t�i�o�n�s� �s�h�o�w�n� 

�i�n� �t�h�e� �f�i�e�l�d� �o�f� �t�h�e� �f�i�g�u�r�e�.� �T�h�e� �l�o�w�e�s�t� �w�e�a�r� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �c�a�s�e� �w�h�e�n� �t�h�e� �f�i�b�e�r�s� 

�w�e�r�e� �O�r�i�e�n�t�e�d� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �c�o�u�n�t�e�r�f�a�c�e�.� �I�n� �t�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �L�a�n�c�a�s�t�e�r� �[�3�7�]� 

�s�t�a�t�e�d� �t�h�a�t� �t�h�e� �h�e�a�t� �c�o�u�l�d� �b�e� �e�a�s�i�l�y� �c�o�n�d�u�c�t�e�d� �a�w�a�y� �f�r�o�m� �t�h�e� �i�n�t�e�r�f�a�c�e� �t�h�r�o�u�g�h� �t�h�e� 

�c�o�n�t�i�n�u�o�u�s� �c�a�r�b�o�n� �f�i�b�e�r�s�.� �I�n� �t�h�e� �p�a�r�a�l�l�e�l� �a�n�d� �a�n�t�i�-�p�a�r�a�l�l�e�l� �o�r�i�e�n�t�a�t�i�o�n�,� �t�h�e� �h�e�a�t� �c�o�u�l�d� �n�o�t� 
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�R�E�V�O�L�U�T�I�O�N�S� 

�F�I�G�U�R�E� �2�-�1�6�:� �E�F�F�E�C�T� �O�F� �C�A�R�B�O�N� �F�I�B�E�R� �O�R�I�E�N�T�A�T�I�O�N� �O�N� �T�H�E� �W�E�A�R� �O�F� �R�E�I�N�F�O�R�C�E�D� 
�P�O�L�Y�E�S�T�E�R� �R�E�S�I�N� �S�L�I�D�I�N�G� �O�N� �T�O�O�L� �S�T�E�E�L�.� �(�W� �I�S� �T�H�E� �W�E�A�R� �R�A�T�E� �I�N� �c�m�?� �c�m�"� �k�g ��)� �[�3�7�]� 

�b�e� �e�a�s�i�l�y� �c�o�n�d�u�c�t�e�d� �a�w�a�y� �f�r�o�m� �t�h�e� �i�n�t�e�r�f�a�c�e� �s�i�n�c�e� �t�h�e� �o�n�l�y� �c�o�n�t�i�n�u�o�u�s� �p�a�t�h� �w�a�s� �t�h�r�o�u�g�h� 

�t�h�e� �p�o�l�y�m�e�r� �m�a�t�r�i�x� �w�h�i�c�h� �h�a�s� �a� �l�o�w� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �[�3�7�]�.� 

�H�e�a�t� �d�i�s�s�i�p�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �c�o�n�s�i�d�e�r�e�d� �i�n� �t�i�r�e� �d�e�s�i�g�n�.� �F�o�r� �t�h�i�s� 

�a�p�p�l�i�c�a�t�i�o�n� �t�r�a�n�s�f�e�r� �f�i�l�m�s� �(�t�o� �t�h�e� �r�o�a�d�)� �a�r�e� �n�o�t� �a�d�v�a�n�t�a�g�e�o�u�s� �s�i�n�c�e� �t�h�i�s� �d�e�c�r�e�a�s�e�s� �f�r�i�c�t�i�o�n�.� 

�E�t�t�l�e�s� �a�n�d� �S�h�e�n� �[�8�3�]� �h�a�v�e� �u�t�i�l�i�z�e�d� �E�q�.� �2�.�1�0� �t�o� �d�e�v�e�l�o�p� �t�h�e� �h�y�p�o�t�h�e�s�i�s� �t�h�a�t� �t�h�e�r�e� �i�s� �a� 

�c�e�r�t�a�i�n� �t�e�m�p�e�r�a�t�u�r�e�,� �7�;� �,� �a�t� �w�h�i�c�h� �f�r�i�c�t�i�o�n� �b�e�c�o�m�e�s� �t�h�e�r�m�a�l�l�y� �c�o�n�t�r�o�l�l�e�d�.� �I�n� �t�h�e� �c�a�s�e� �o�f� 

�t�i�r�e�s� �r�u�b�b�i�n�g� �o�n� �p�a�v�e�m�e�n�t�,� �t�h�i�s� �c�o�n�c�e�p�t� �d�i�c�t�a�t�e�s� �t�h�a�t� �a�t� �h�i�g�h� �s�l�i�d�i�n�g� �s�p�e�e�d�s� �a� �t�h�i�n� �l�a�y�e�r� �o�f� 

�r�u�b�b�e�r� �r�e�a�c�h�e�s� �7�,� �a�n�d� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �t�h�e� �r�o�a�d�.� �E�v�i�d�e�n�c�e� �f�o�r� �t�h�i�s� �o�c�c�u�r�r�e�n�c�e� �c�a�n� �b�e� 

�f�o�u�n�d� �b�y� �s�i�m�p�l�y� �l�o�o�k�i�n�g� �a�t� �s�k�i�d� �m�a�r�k�s� �l�e�f�t� �o�n� �h�i�g�h�w�a�y�s�.� �T�h�e�r�e�f�o�r�e�,� �a�n� �o�b�j�e�c�t�i�v�e� �i�n� �t�i�r�e� 
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�d�e�s�i�g�n� �i�s� �t�o� �s�t�a�y� �b�e�l�o�w� �7�,� �b�y� �o�p�t�i�m�i�z�i�n�g� �c�e�r�t�a�i�n� �p�a�r�a�m�e�t�e�r�s� �i�n� �E�q�.� �2�.�1�0� �[�8�3�]�.� �T�h�i�s� �i�s� 

�a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �i�n�c�r�e�a�s�i�n�g� �k�,� �p�,� �a�n�d� �c�;� �a�n�d� �b�y� �r�e�d�u�c�i�n�g� �B�.� �F�u�r�t�h�e�r�m�o�r�e�,� �E�t�t�l�e�s� �a�n�d� 

�S�h�e�n� �[�8�3�]� �s�t�a�t�e� �t�h�a�t� �t�h�e� �r�e�a�l� �a�r�e�a� �o�f� �c�o�n�t�a�c�t� �s�h�o�u�l�d� �b�e� �i�n�c�r�e�a�s�e�d� �t�o� �a�l�l�o�w� �f�o�r� �a�n� �i�n�c�r�e�a�s�e� 

�i�n� �t�h�e� �d�i�s�s�i�p�a�t�i�o�n� �o�f� �h�e�a�t�,� �a�n�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �a�d�h�e�s�i�v�e� �f�r�i�c�t�i�o�n� �g�i�v�e�n� �b�y� �E�q�.� �2�.�6�.� �(�T�h�i�s� 

�i�s� �w�h�y� �r�a�c�i�n�g� �t�i�r�e�s� �g�e�n�e�r�a�l�l�y� �h�a�v�e� �h�i�g�h� �w�i�d�t�h�/�l�e�n�g�t�h� �r�a�t�i�o�s�)�.� �T�h�e�y� �h�a�v�e� �a�l�s�o� �s�u�g�g�e�s�t�e�d� 

�t�h�a�t� �t�h�e� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �c�a�n� �b�e� �i�n�c�r�e�a�s�e�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �h�i�g�h� �c�o�n�d�u�c�t�i�v�i�t�y� 

�a�l�u�m�i�n�u�m� �f�l�a�k�e�s� �o�r� �g�r�a�p�h�i�t�e� �i�n�t�o� �t�i�r�e�s�.� �T�h�e� �a�l�u�m�i�n�u�m� �f�l�a�k�e�s� �w�o�u�l�d� �o�n�l�y� �i�n�c�r�e�a�s�e� �t�h�e�r�m�a�l� 

�c�o�n�d�u�c�t�i�v�i�t�y� �b�y� �2�0�%� �d�u�e� �t�o� �c�o�n�v�o�l�u�t�e�d� �a�n�d� �r�e�s�t�r�i�c�t�e�d� �t�h�e�r�m�a�l� �p�a�t�h�s�;� �h�o�w�e�v�e�r�,� �g�r�a�p�h�i�t�e� 

�m�i�g�h�t� �b�e� �m�o�r�e� �a�d�v�a�n�t�a�g�e�o�u�s� �s�i�n�c�e� �i�t� �w�o�u�l�d� �a�l�s�o� �h�e�l�p� �s�u�p�p�o�r�t� �t�h�e� �l�o�a�d� �[�8�3�]�.� 

�2�.�2�.�3�.�c� �E�f�f�e�c�t�s� �o�f� �S�u�r�f�a�c�e� �T�e�m�p�e�r�a�t�u�r�e� �o�n� �S�h�e�a�r� �S�t�r�e�n�g�t�h� �a�n�d� �R�e�a�l� 
�A�r�e�a� �o�f� �C�o�n�t�a�c�t� 

�A�s� �s�t�a�t�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� �a�d�h�e�s�i�v�e� �f�r�i�c�t�i�o�n� �f�o�r�c�e�,� �F�,� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �t�h�e� 

�p�r�o�d�u�c�t� �o�f� �t�h�e� �r�e�a�l� �c�o�n�t�a�c�t� �a�r�e�a�,� �A�,� �,� �a�n�d� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�f� �a�n� �a�d�h�e�s�i�v�e� �j�u�n�c�t�i�o�n�,� �T�.� 

�A�l�t�h�o�u�g�h� �t�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �a�s� �e�x�p�r�e�s�s�e�d� �i�n� �E�q�.� �2�.�6� �a�p�p�e�a�r�s� �t�o� �b�e� �s�i�m�p�l�e�,� �i�t� �i�s� �r�e�a�l�l�y� �q�u�i�t�e� 

�c�o�m�p�l�e�x� �b�e�c�a�u�s�e� �o�f� �t�h�e� �e�f�f�e�c�t� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �r�e�a�l� �c�o�n�t�a�c�t� �a�r�e�a� �a�n�d� �s�h�e�a�r� 

�s�t�r�e�n�g�t�h�.� �T�h�i�s� �i�n�f�l�u�e�n�c�e� �o�f� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e�s�e� �i�n�t�e�r�f�a�c�i�a�l� �p�a�r�a�m�e�t�e�r�s� �h�a�s� �b�e�e�n� 

�d�i�s�c�u�s�s�e�d� �b�y� �B�r�i�s�c�o�e� �[�3�8�]� �u�s�i�n�g� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�7�.� 

�I�n� �F�i�g�.� �2�-�1�7�,� �f�r�i�c�t�i�o�n� �i�s� �p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �b�u�l�k� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �a� �h�e�a�t�e�d� �s�t�e�e�l� 

�b�a�l�l� �s�l�i�d�i�n�g� �o�n� �a� �f�l�a�t� �s�p�e�c�i�m�e�n� �o�f� �P�E�E�K�.� �A�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�,� �B�r�i�s�c�o�e� �[�3�8�]� �s�t�a�t�e�d� �t�h�a�t� 

�t�h�e�r�e� �w�a�s� �n�o� �e�f�f�e�c�t� �o�n� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�r� �r�e�a�l� �c�o�n�t�a�c�t� �a�r�e�a� �a�n�d� �t�h�e� �f�r�i�c�t�i�o�n� �r�e�m�a�i�n�e�d� 

�c�o�n�s�t�a�n�t�.� �H�o�w�e�v�e�r�,� �a�t� �a�b�o�u�t� �6�0� �C�,� �l�o�c�a�l�i�z�e�d� �h�e�a�t�i�n�g� �o�f� �t�h�e� �a�s�p�e�r�i�t�i�e�s� �a�t� �t�h�e� �s�u�r�f�a�c�e� 

�r�e�d�u�c�e�d� �t�h�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �w�i�t�h�o�u�t� �e�f�f�e�c�t�i�n�g� �t�h�e� �r�e�a�l� �c�o�n�t�a�c�t� �a�r�e�a�.� �T�h�e�r�e�f�o�r�e�,� �f�r�i�c�t�i�o�n� 
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�F�I�G�U�R�E� �2�-�1�7�:� �F�R�I�C�T�I�O�N� �C�O�E�F�F�I�C�I�E�N�T� �F�O�R� �A� �S�T�E�E�L� �B�A�L�L� �O�N� �A� �F�L�A�T� �S�P�E�C�I�M�E�N� �O�F� �P�E�E�K�.� �L�O�A�D� �=� �1�0� �N�,� 
�V�E�L�O�C�I�T�Y� �=� �0�.�4�5� �m�m�/�s�.� �B�A�L�L� �I�S� �H�E�A�T�E�D� �E�X�T�E�R�N�A�L�L�Y� �T�O� �T�E�M�P�E�R�A�T�U�R�E� �S�H�O�W�N�.� �[�3�8�]� 

� � 
�d�e�c�r�e�a�s�e�d� �u�n�t�i�l� �a�b�o�u�t� �1�6�0� �C�.� �A�t� �t�h�i�s� �p�o�i�n�t�,� �s�u�b�s�u�r�f�a�c�e� �s�o�f�t�e�n�i�n�g� �b�e�c�a�m�e� �i�m�p�o�r�t�a�n�t� �a�n�d� 

�t�h�e� �r�e�a�l� �a�r�e�a� �o�f� �c�o�n�t�a�c�t� �i�n�c�r�e�a�s�e�d� �[�3�8�]�.� �A�b�o�v�e� �2�7�0� �C� �t�h�e� �f�r�i�c�t�i�o�n� �d�r�o�p�p�e�d� �o�f�f� �o�n�c�e� �a�g�a�i�n� 

�d�u�e� �t�o� �t�h�e�r�m�a�l� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�h�i�c�h� �a�l�l�o�w�e�d� �f�o�r� �t�h�e� 

�p�o�l�y�m�e�r� �t�o� �b�e� �e�a�s�i�l�y� �s�h�e�a�r�e�d�.� �A�l�t�h�o�u�g�h� �t�h�e� �d�a�t�a� �s�h�o�w�n� �i�n� �F�i�g�.� �2�-�1�7� �a�r�e� �r�e�a�l�l�y� �f�o�r� �a�n� 

�u�n�f�i�l�l�e�d� �P�E�E�K� �s�p�e�c�i�m�e�n�,� �t�h�e� �d�a�t�a� �i�n�d�i�c�a�t�e�d� �t�h�e� �c�o�m�p�l�e�x�i�t�i�e�s� �t�h�a�t� �a�r�e� �o�f�t�e�n� �i�n�v�o�l�v�e�d� �w�h�e�n� 

�t�e�m�p�e�r�a�t�u�r�e� �e�f�f�e�c�t�s� �a�r�e� �c�o�n�s�i�d�e�r�e�d� �i�n� �t�r�i�b�o�l�o�g�y�.� �A�s� �a� �c�o�n�s�e�q�u�e�n�c�e�,� �t�h�e� �e�f�f�e�c�t� �o�f� �s�u�r�f�a�c�e� 

�t�e�m�p�e�r�a�t�u�r�e� �o�n� �a�l�l� �m�a�t�e�r�i�a�l� �p�r�o�p�e�r�t�i�e�s� �m�u�s�t� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�n�d� �e�v�a�l�u�a�t�e�d� �t�o� �p�r�o�p�e�r�l�y� 

�d�e�s�i�g�n� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �f�o�r� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �a�p�p�l�i�c�a�t�i�o�n�s�.� 
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�2�.�3� �S�t�u�d�i�e�s� �o�f� �P�o�l�y�m�e�r� �D�e�g�r�a�d�a�t�i�o�n� �a�n�d� �T�r�i�b�o�c�h�e�m�i�c�a�l� 
�R�e�a�c�t�i�o�n�s� �D�u�r�i�n�g� �F�r�i�c�t�i�o�n� �a�n�d� �W�e�a�r� �P�r�o�c�e�s�s�e�s� 

�T�o� �s�t�u�d�y� �t�h�e� �r�o�l�e� �o�f� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �d�u�r�i�n�g� �t�r�i�b�o�l�o�g�i�c�a�l� �a�p�p�l�i�c�a�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� 

�p�o�l�y�m�e�r�s�,� �r�e�s�e�a�r�c�h�e�r�s� �h�a�v�e� �u�s�e�d� �a� �v�a�r�i�e�t�y� �o�f� �s�u�r�f�a�c�e� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s�,� �i�n�c�l�u�d�i�n�g� 

�F�o�u�r�i�e�r� �T�r�a�n�s�f�o�r�m� �I�n�f�r�a�r�e�d� �M�i�c�r�o�s�p�e�c�t�r�o�s�c�o�p�y� �(�F�T�I�R�M�)�,� �X�-�r�a�y� �P�h�o�t�o�e�l�e�c�t�r�o�n� 

�S�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)�,� �a�n�d� �A�u�g�e�r� �E�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� �(�A�E�S�)�.� �W�i�t�h� �F�T�I�R�M�,� �s�u�r�f�a�c�e� 

�f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �c�a�n� �b�e� �d�e�t�e�c�t�e�d� �a�t� �t�h�e� �s�u�r�f�a�c�e� �o�f� �a� �m�a�t�e�r�i�a�l� �a�n�d� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�d� �t�o� 

�m�o�l�e�c�u�l�a�r� �s�t�r�u�c�t�u�r�e�s�.� �I�n� �c�o�n�t�r�a�s�t�,� �X�P�S� �a�n�d� �A�E�S� �d�e�t�e�c�t� �s�u�r�f�a�c�e� �e�l�e�m�e�n�t�s�.� 

�T�h�e�s�e� �s�u�r�f�a�c�e� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �p�r�i�m�a�r�i�l�y� �u�s�e�d� �t�o� �e�x�a�m�i�n�e� �w�o�r�n� �s�u�r�f�a�c�e�s� �a�f�t�e�r� 

�a�n� �e�x�p�e�r�i�m�e�n�t�,� �a�l�t�h�o�u�g�h� �s�u�r�f�a�c�e� �c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �i�n� �s�i�t�u� �b�y� �B�u�c�k�l�e�y� 

�a�n�d� �B�r�a�i�n�a�r�d� �[�8�4�]� �u�s�i�n�g� �A�E�S� �c�o�u�p�l�e�d� �w�i�t�h� �a� �f�r�i�c�t�i�o�n� �a�p�p�a�r�a�t�u�s�,� �T�h�i�s� �e�a�r�l�y� �w�o�r�k� 

�c�e�n�t�e�r�e�d� �a�r�o�u�n�d� �t�h�e� �b�o�n�d�i�n�g� �o�f� �p�o�l�y�t�e�t�r�a�f�l�u�o�r�o�e�t�h�y�l�e�n�e� �(�P�T�F�E�)� �t�o� �m�e�t�a�l� �s�u�r�f�a�c�e�s� �d�u�r�i�n�g� 

�f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r� �p�r�o�c�e�s�s�e�s�.� �N�u�m�e�r�o�u�s� �p�a�p�e�r�s� �o�n� �t�h�i�s� �s�u�b�j�e�c�t� �h�a�v�e� �b�e�e�n� �p�u�b�l�i�s�h�e�d� �b�y� 

�B�u�c�k�l�e�y� �a�n�d� �c�o�w�o�r�k�e�r�s� �a�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �r�e�f�e�r�e�n�c�e�s� �[�8�4�]� �a�n�d� �[�8�5�]�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� 

�P�T�F�E�-�t�o�-�m�e�t�a�l� �b�o�n�d�s� �a�r�e� �c�h�e�m�i�c�a�l� �i�n� �n�a�t�u�r�e� �v�i�a� �t�h�e� �c�a�r�b�o�n� �a�t�o�m� �w�i�t�h� �l�i�t�t�l�e� �f�l�u�o�r�i�n�e�-�t�o�-� 

�m�e�t�a�l� �i�n�t�e�r�a�c�t�i�o�n� �[�8�4�]�.� �R�e�c�e�n�t� �r�e�s�e�a�r�c�h� �b�y� �G�o�n�g� �e�t� �a�l�.� �[�8�6�,�8�7�]� �d�i�s�p�u�t�e�s� �t�h�i�s� �s�o�m�e�w�h�a�t� 

�s�i�n�c�e� �t�h�e�i�r� �X�P�S� �r�e�s�u�l�t�s� �s�h�o�w�e�d� �c�h�e�m�i�c�a�l� �b�o�n�d�i�n�g� �v�i�a� �t�h�e� �f�l�u�o�r�i�n�e� �a�t�o�m� �r�a�t�h�e�r� �t�h�a�n� �t�h�e� 

�c�a�r�b�o�n� �a�t�o�m�.� �X�P�S� �w�o�r�k� �b�y� �J�i�n�t�a�n�g� �a�n�d� �H�o�n�g�x�i�n� �[�8�8�]� �s�h�o�w�e�d� �t�h�a�t� �f�l�u�o�r�i�n�e� �i�o�n�s� �e�x�i�s�t� �i�n� 

�t�r�a�n�s�f�e�r� �f�i�l�m�s� �f�o�r�m�e�d� �d�u�r�i�n�g� �s�l�i�d�i�n�g� �p�r�o�c�e�s�s�e�s� �w�i�t�h� �P�T�F�E�;� �a�n�d� �e�l�e�c�t�r�o�n� �s�p�i�n� �r�e�s�o�n�a�n�c�e� 

�s�p�e�c�t�r�o�s�c�o�p�y� �o�f� �t�h�e� �w�e�a�r� �d�e�b�r�i�s� �s�h�o�w�e�d� �p�o�l�y�m�e�r�i�c� �r�a�d�i�c�a�l�s� �d�i�f�f�e�r�e�n�t� �i�n� �s�t�r�u�c�t�u�r�e� �f�r�o�m� 

�P�T�F�E�.� 

�S�u�r�f�a�c�e� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �u�s�e�d� �t�o� �s�t�u�d�y� �p�o�s�s�i�b�l�e� �t�r�i�b�o�c�h�e�m�i�c�a�l� 
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�e�f�f�e�c�t�s� �a�t� �t�h�e� �s�u�r�f�a�c�e� �o�f� �N�y�l�o�n� �m�a�t�e�r�i�a�l�s� �d�u�r�i�n�g� �t�r�i�b�o�l�o�g�i�c�a�l� �c�o�n�t�a�c�t�.� �L�i�u� �e�t� �a�l�.� �[�8�9�]� �u�s�e�d� 

�X�P�S� �a�n�d� �e�l�e�c�t�r�o�n� �m�i�c�r�o�p�r�o�b�e� �a�n�a�l�y�s�i�s� �t�o� �s�t�u�d�y� �M�o�S�,�-�f�i�l�l�e�d� �N�y�l�o�n� �6� �s�u�r�f�a�c�e�s� �a�f�t�e�r� �s�l�i�d�i�n�g� 

�c�o�n�t�a�c�t� �w�i�t�h� �s�t�e�e�l�.� �X�P�S� �r�e�s�u�l�t�s� �s�h�o�w�e�d� �t�h�a�t� �M�o�S�,� �i�s� �o�x�i�d�i�z�e�d� �t�o� �M�o�O�,� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� 

�t�o� �t�h�e� �s�t�e�e�l�,� �c�a�u�s�i�n�g� �a�n� �i�n�c�r�e�a�s�e� �i�n� �f�r�i�c�t�i�o�n� �a�n�d� �w�e�a�r�.� �B�a�h�a�d�u�r� �a�n�d� �G�o�n�g� �[�9�0�]� �u�s�e�d� �X�P�S� 

�t�o� �s�t�u�d�y� �t�h�e� �r�o�l�e� �o�f� �C�u� �c�o�m�p�o�u�n�d�s� �a�s� �f�i�l�l�e�r�s� �d�u�r�i�n�g� �t�r�a�n�s�f�e�r� �f�i�l�m� �f�o�r�m�a�t�i�o�n� �a�n�d� �w�e�a�r� �o�f� 

�N�y�l�o�n� �1�1�.� �T�h�e�y� �s�h�o�w�e�d� �t�h�a�t� �C�u� �i�n� �a� �r�e�d�u�c�e�d� �f�o�r�m� �i�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �t�r�a�n�s�f�e�r� �f�i�l�m�,� �c�a�u�s�i�n�g� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �a�d�h�e�s�i�o�n� �o�f� �t�h�e� �t�r�a�n�s�f�e�r� �f�i�l�m� �t�o� �t�h�e� �s�t�e�e�l� �c�o�u�n�t�e�r�s�u�r�f�a�c�e�.� 

�R�e�c�e�n�t� �e�f�f�o�r�t�s� �h�a�v�e� �u�t�i�l�i�z�e�d� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�s�c�o�p�i�c� �m�e�t�h�o�d�s� �s�u�c�h� �a�s� �F�T�I�R�M� �t�o� 

�e�x�a�m�i�n�e� �w�o�r�n� �s�u�r�f�a�c�e�s� �f�o�r� �e�v�i�d�e�n�c�e� �o�f� �c�h�e�m�i�c�a�l� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �p�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�s�.� 

�P�o�g�o�s�i�a�n� �e�t� �a�l�.� �[�9�1�]� �s�t�u�d�i�e�d� �c�o�p�o�l�y�m�e�r�s� �o�f� �f�o�r�m�a�l�d�e�h�y�d�e� �(�a�c�e�t�a�l� �r�e�s�i�n�s�)� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� 

�m�i�n�e�r�a�l� �f�i�l�l�e�r�s�.� �T�h�e�y� �s�h�o�w�e�d� �t�h�a�t� �a�t� �h�i�g�h� �s�l�i�d�i�n�g� �s�p�e�e�d�s� �(� �>� �1�.�0� �m�/�s� �)�,� �t�r�i�b�o�-�o�x�i�d�a�t�i�o�n� 

�p�r�o�c�e�s�s�e�s� �o�c�c�u�r�r�e�d� �-�-� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �c�o�p�o�l�y�m�e�r� �c�h�a�i�n� �d�e�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�n�d� �t�h�e� 

�s�u�b�s�e�q�u�e�n�t� �f�o�r�m�a�t�i�o�n� �o�f� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �f�r�a�g�m�e�n�t�s� �i�n� �t�h�e� �s�u�r�f�a�c�e� �l�a�y�e�r�.� �W�h�e�n� 

�m�i�n�e�r�a�l� �f�i�l�l�e�r�s� �s�u�c�h� �a�s� �f�e�l�s�i�t�e� �a�n�d� �b�a�s�a�l�t� �w�e�r�e� �a�d�d�e�d�,� �a�c�t�i�v�e� �o�x�i�d�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �d�e�c�r�e�a�s�e�d�,� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �w�i�t�h� �a� �d�e�c�r�e�a�s�e� �i�n� �w�e�a�r� �a�n�d� �f�r�i�c�t�i�o�n�.� 

�B�a�h�a�d�u�r� �a�n�d� �Z�h�e�n�g� �[�9�2�]� �h�a�v�e� �u�s�e�d� �F�T�I�R�M� �t�o� �s�t�u�d�y� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �o�x�i�d�a�t�i�o�n� �o�f� 

�u�n�s�a�t�u�r�a�t�e�d� �c�r�o�s�s�-�l�i�n�k�e�d� �p�o�l�y�e�s�t�e�r� �a�n�d� �a� �f�i�b�e�r�-�g�l�a�s�s� �p�o�l�y�e�s�t�e�r� �c�o�m�p�o�s�i�t�e� �d�u�r�i�n�g� �s�l�i�d�i�n�g�.� 

�A� �c�l�o�s�e� �f�o�c�u�s�i�n�g� �i�n�f�r�a�r�e�d� �t�h�e�r�m�a�l� �s�y�s�t�e�m� �w�a�s� �a�l�s�o� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�s� �2� �t�o� �3� 

�m�m� �b�e�l�o�w� �t�h�e� �s�l�i�d�i�n�g� �s�u�r�f�a�c�e�.� �B�y� �c�o�u�p�l�i�n�g� �t�h�e�s�e� �t�e�m�p�e�r�a�t�u�r�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�i�t�h� �F�T�I�R�M� 

�s�p�e�c�t�r�a� �o�f� �t�h�e� �w�o�r�n� �s�u�r�f�a�c�e�s�,� �B�a�h�a�d�u�r� �a�n�d� �Z�h�e�n�g� �[�9�2�]� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �h�i�g�h�e�r� �f�r�i�c�t�i�o�n� 

�y�i�e�l�d�s� �h�i�g�h�e�r� �i�n�t�e�r�f�a�c�i�a�l� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e�s� �a�n�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�e�s�t�e�r�.� 

�B�a�h�a�d�u�r� �[�9�3�]� �h�a�s� �a�l�s�o� �u�s�e�d� �F�T�I�R�M� �t�o� �s�t�u�d�y� �w�o�r�n� �s�u�r�f�a�c�e�s� �o�f� �c�a�r�b�o�n� �a�n�d� �a�r�a�m�i�d� �f�i�b�e�r� 
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�p�o�l�y�e�s�t�e�r� �c�o�m�p�o�s�i�t�e�s�.� �S�o�m�e� �e�v�i�d�e�n�c�e� �o�f� �o�x�i�d�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� 

�m�a�t�e�r�i�a�l�,� �b�u�t� �a� �c�o�n�c�l�u�s�i�v�e� �s�t�a�t�e�m�e�n�t� �c�o�u�l�d� �n�o�t� �b�e� �m�a�d�e� �a�b�o�u�t� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �a�r�a�m�i�d� �f�i�b�e�r� 

�p�o�l�y�e�s�t�e�r� �d�u�e� �t�o� �o�v�e�r�l�a�p�p�i�n�g� �N�-�H� �a�n�d� �C�-�H� �b�a�n�d�s�.� �H�o�w�e�v�e�r�,� �B�a�h�a�d�u�r� �c�o�n�c�l�u�d�e�d� �t�h�a�t� 

�m�o�r�e� �a�r�a�m�i�d� �m�a�t�e�r�i�a�l� �i�s� �p�r�e�s�e�n�t� �o�n� �t�h�e� �w�o�r�n� �s�u�r�f�a�c�e� �t�h�a�n� �b�e�l�o�w� �t�h�e� �s�u�r�f�a�c�e�.� 

�R�e�c�e�n�t� �w�o�r�k� �b�y� �W�e�i�c�k� �e�t� �a�l�.� �[�9�4�]� �h�a�s� �a�l�s�o� �i�n�c�o�r�p�o�r�a�t�e�d� �t�h�e� �u�s�e� �o�f� �F�T�I�R�M� �t�o� �s�t�u�d�y� 

�w�o�r�n� �s�u�r�f�a�c�e�s� �o�f� �N�y�l�o�n� �6�,�6� �a�n�d� �a� �N�y�l�o�n� �6�,�6�/�g�l�a�s�s� �c�o�m�p�o�s�i�t�e�.� �A�n� �e�x�p�a�n�d�e�d� �d�i�s�c�u�s�s�i�o�n� 

�o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �i�s� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �S�e�c�t�i�o�n� �5�.�2�.�3� �o�f� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n�.� 
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�3�.� �E�X�P�E�R�I�M�E�N�T�A�L� �T�E�C�H�N�I�Q�U�E� 

�3�.�1� �O�v�e�r�v�i�e�w� �o�f� �t�h�e� �T�e�s�t� �A�p�p�a�r�a�t�u�s� 

�T�h�e� �b�a�s�i�c� �c�o�n�t�a�c�t� �g�e�o�m�e�t�r�y� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�-�1� �a�n�d� �c�o�n�s�i�s�t�s� �o�f� �a� �s�p�h�e�r�i�c�a�l� �t�e�s�t� 

�s�p�e�c�i�m�e�n� �l�o�a�d�e�d� �a�g�a�i�n�s�t� �a�n� �o�s�c�i�l�l�a�t�i�n�g� �s�a�p�p�h�i�r�e� �d�i�s�k�.� �A�n� �i�n�f�r�a�r�e�d� �m�i�c�r�o�s�c�o�p�e� �i�s� 

�p�o�s�i�t�i�o�n�e�d� �a�b�o�v�e� �t�h�e� �s�a�p�p�h�i�r�e� �d�i�s�k� �a�n�d� 

�f�o�c�u�s�e�d� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �t�h�e� �I�N�F�R�A�R�E�D� �M�I�C�R�O�S�C�O�P�E� 

�d�i�s�k� �a�n�d� �t�e�s�t� �s�p�e�c�i�m�e�n�.� �S�i�n�c�e� �f�r�i�c�t�i�o�n�a�l� 

�m�e�c�h�a�n�i�s�m�s� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �c�a�u�s�e� �t�h�e� 

�d�i�s�s�i�p�a�t�i�o�n� �o�f� �r�a�d�i�a�n�t� �e�n�e�r�g�y�,� �a�n�d� �t�h�e� 

� � 

�O�S�C�I�L�L�A�T�I�N�G� 
�S�A�P�P�H�I�R�E� 

�D�I�S�K� 

�J� 
�s�a�p�p�h�i�r�e� �d�i�s�k� �i�s� �c�a�p�a�b�l�e� �o�f� �t�r�a�n�s�m�i�t�t�i�n�g� 

� � 

�t�h�i�s� �e�n�e�r�g�y�,� �t�h�e� �i�n�f�r�a�r�e�d� �m�i�c�r�o�s�c�o�p�e� 
�S�T�A�T�I�O�N�A�R�Y� 
�S�P�H�E�R�I�C�A�L� 

�c�a�n� �b�e� �u�s�e�d� �t�o� �e�f�f�e�c�t�i�v�e�l�y� �m�e�a�s�u�r�e� �t�h�e� �S�P�E�C�I�M�E�N� 

�a�m�o�u�n�t� �o�f� �r�a�d�i�a�n�t� �e�n�e�r�g�y� �g�e�n�e�r�a�t�e�d� 
�A�P�P�L�I�E�D� �L�O�A�D� 

�w�h�e�n� �t�h�e� �s�a�p�p�h�i�r�e� �d�i�s�k�s� �r�u�b�s� �a�g�a�i�n�s�t� 

�t�h�e� �t�e�s�t� �s�p�e�c�i�m�e�n�.� �F�I�G�U�R�E� �3�-�1�:� �B�A�S�I�C� �C�O�N�T�A�C�T� �G�E�O�M�E�T�R�Y� 
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�T�h�e� �h�i�g�h�l�y� �p�o�l�i�s�h�e�d�,� �o�p�t�i�c�a�l�l�y� �f�l�a�t� �s�a�p�p�h�i�r�e� �d�i�s�k� �i�s� �1� �m�m� �(�0�.�0�4� �i�n�.�)� �t�h�i�c�k� �a�n�d� �2�5� 

�m�m� �(�1� �i�n�.�)� �i�n� �d�i�a�m�e�t�e�r�.� �B�e�c�a�u�s�e� �o�f� �i�t�s� �h�a�r�d�n�e�s�s�,� �s�a�p�p�h�i�r�e� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �s�u�i�t�a�b�l�e� �a�s� �t�h�e� 

�v�i�b�r�a�t�i�n�g� �c�o�u�n�t�e�r�s�u�r�f�a�c�e� �s�i�n�c�e� �i�t� �r�e�s�i�s�t�s� �w�e�a�r� �a�n�d� �s�u�r�f�a�c�e� �d�a�m�a�g�e�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �b�e�i�n�g� 

�t�r�a�n�s�p�a�r�e�n�t� �t�o� �o�p�t�i�c�a�l� �a�n�d� �i�n�f�r�a�r�e�d� �r�a�d�i�a�t�i�o�n�,� �s�a�p�p�h�i�r�e� �a�l�s�o� �h�a�s� �e�l�a�s�t�i�c� �a�n�d� �t�h�e�r�m�a�l� 

�p�r�o�p�e�r�t�i�e�s� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �s�t�e�e�l�.� 

�A� �s�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �t�h�e� �o�s�c�i�l�l�a�t�i�n�g� �c�o�n�t�a�c�t� �s�y�s�t�e�m� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �3�-�2�,� �a�n�d� 

�p�h�o�t�o�g�r�a�p�h�s� �o�f� �t�h�e� �s�y�s�t�e�m� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�s�.� �3�-�3� �a�n�d� �3�-�4�.� �T�h�e� �s�a�p�p�h�i�r�e� �d�i�s�k� �i�s� �f�i�r�m�l�y� 

�m�o�u�n�t�e�d� �i�n� �a� �p�l�a�t�e� �s�u�p�p�o�r�t�e�d� �h�o�r�i�z�o�n�t�a�l�l�y� �u�n�d�e�r� �t�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �i�n�f�r�a�r�e�d� �m�i�c�r�o�s�c�o�p�e� 

�b�y� �m�e�a�n�s� �o�f� �a� �f�o�i�l� �a�s�s�e�m�b�l�y� �w�h�i�c�h� �a�l�l�o�w�s� �f�o�r� �h�o�r�i�z�o�n�t�a�l� �m�o�t�i�o�n� �o�f� �t�h�e� �d�i�s�k�.� �B�a�s�e�d� �o�n� 

�d�e�s�i�g�n� �c�a�l�c�u�l�a�t�i�o�n�s� �b�y� �G�h�a�s�e�m�i� �[�2�1�]�,� �t�h�e� �f�o�u�r� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �f�o�i�l�s� �a�r�e� �e�a�c�h� �0�.�2�5� �m�m� �(�0�.�0�1� 

�i�n�.�)� �i�n� �t�h�i�c�k�n�e�s�s� �a�n�d� �2�5� �m�m� �(�1� �i�n�c�h�)� �i�n� �w�i�d�t�h�.� 

 � � �� �>� 
�I�N�F�R�A�R�E�D� �M�I�C�R�O�S�C�O�P�E� 

�L�I�N�E�A�R�  �� 
�V�E�L�O�C�I�T�Y� 
�T�R�A�N�S�D�U�C�E�R� �S�A�P�P�H�I�R�E� �D�I�S�K� � � � � � � � � � � 
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� � 

� � � � � � � � � 

�< ��_ ��_�>� 
�S�I�N�U�S�O�I�D�A�L� 
�I�N�P�U�T� �L�O�A�D� 

�S�T�R�A�I�N� �R�I�N�G� 
�L�O�A�D� �A�R�M� 

�t�L�  ��T�H�I�N� �F�O�I�L� �S�P�R�I�N�G�S� 

�S�P�H�E�R�I�C�A�L� �T�E�S�T� �S�P�E�C�I�M�E�N� �P�O�S�I�T�I�O�N� �S�E�N�S�O�R� 

�F�I�G�U�R�E� �3�-�2�:� �S�C�H�E�M�A�T�I�C� �V�I�E�W� �O�F� �T�H�E� �O�S�C�I�L�L�A�T�I�N�G� �C�O�N�T�A�C�T� �S�Y�S�T�E�M� 
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� � � � � � � � 

�F�I�G�U�R�E� �3�-�3�:� �G�E�N�E�R�A�L� �V�I�E�W� �O�F� �T�H�E� �I�N�F�R�A�R�E�D� �M�I�C�R�O�S�C�O�P�E� �L�O�C�A�T�E�D� �A�B�O�V�E� �T�H�E� 
�O�S�C�I�L�L�A�T�I�N�G� �C�O�N�T�A�C�T� �S�Y�S�T�E�M� 

�T�h�e� �s�y�s�t�e�m� �f�o�r� �l�o�a�d�i�n�g� �t�h�e� �s�p�h�e�r�i�c�a�l� 

�s�p�e�c�i�m�e�n� �a�g�a�i�n�s�t� �t�h�e� �d�i�s�k� �c�o�n�s�i�s�t�s� �o�f� �a� 

�b�a�l�a�n�c�e�d� �l�e�v�e�r� �a�r�m�,� �a� �1�3� �m�m� �(�0�.�5� �i�n�.�)� 

�s�p�h�e�r�i�c�a�l� �s�u�p�p�o�r�t� �y�o�k�e�,� �a�n�d� �a� �l�i�n�e�a�r� �c�r�o�s�s�-� 

�s�l�i�d�e� �w�h�i�c�h� �e�n�a�b�l�e�s� �t�h�e� �s�p�e�c�i�m�e�n� �t�o� �b�e� 

�l�o�c�a�t�e�d� �a�t� �a�n�y� �r�a�d�i�a�l� �p�o�s�i�t�i�o�n� �o�n� �t�h�e� �d�i�s�k�.� 

�T�h�e� �n�o�r�m�a�l� �l�o�a�d� �i�s� �s�i�m�p�l�y� �e�q�u�a�l� �t�o� �t�h�e� 

�l�o�a�d� �a�p�p�l�i�e�d� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �l�e�v�e�r� �a�r�m�.� 

�T�h�e� �o�s�c�i�l�l�a�t�o�r�y� �m�o�t�i�o�n� �o�f� �t�h�e� 

�s�a�p�p�h�i�r�e� �d�i�s�k� �i�s� �c�r�e�a�t�e�d� �b�y� �a� �V�T�S�-�1�5�0� 

�e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �s�h�a�k�e�r�.� �T�h�e� �c�a�p�a�b�i�l�i�t�i�e�s� 

�F�I�G�U�R�E� �3�-�4�:� �S�I�D�E� �V�I�E�W� �O�F� �T�H�E�I�R� �o�f� �t�h�e� �s�h�a�k�e�r� �a�r�e� �s�h�o�w�n� �i�n� �T�a�b�l�e� �3�-�1�.� 
�M�I�C�R�O�S�C�O�P�E� �A�N�D� �C�O�N�T�A�C�T� �S�Y�S�T�E�M� 

�T�h�e� �s�h�a�k�e�r� �i�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� �W�a�v�e�t�e�k� 
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